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SUMMARY
N e u ro tran sm itte r re ce p to r s ites have been examined in  bo th  human postm ortem  
tissue and a lesioned po lysynap tic  pathway in  ra t  b ra in  using q u a n tita tiv e  ligand 
binding autoradiography.
Human Postm ortem  Studies
The p u ta tive  invo lvem ent o f g lu tam a te rg ic  mechanisms in  the  pathophysiology o f 
A lzh e im e r’s disease (A .D .) was investiga ted by de te rm in ing  the  d is tribu tion  and 
density o f Na+-dependent g lu tam a te  uptake sites and g lu tam a te  re ce p to r subtypes; 
ka inate, quisqualate and N -m ethyl-D -asparta te  (NM DA), in  ad jacen t sections of 
fro n ta l, tem pora l and ce rebe lla r co rtex  from  six pa tien ts  w ith  A .D . and six age- 
matched contro ls. The num ber o f senile plaques in each reg ion  was determ ined 
in adjacent sections to  those used fo r recepto r autoradiography. B inding of [3H]- 
D-aspartate to  Na+-dependent uptake sites was reduced by approxim ate ly 40% 
throughout A .D . fro n ta l co rtex  re la tiv e  to  contro ls, in d ica tin g  a general loss of 
g lu tam a terg ic  p resynaptic  te rm ina ls . [3H ]-K a ina te  b inding was s ig n ifican tly  
increased by approx im ate ly  70% in deep layers o f A .D . fro n ta l co rtex  compared 
to  contro ls, bu t una lte red  in supe rfic ia l lam inae. Scatchard analysis of this 
response ind icated an increase in  kainate recep to r numbers w ith  no change in 
recep to r a ff in ity .  [3H ]-K a in a te  binding and senile plaque numbers were pos itive ly  
co rre la ted  (r=0.914) in deep layers o f A .D . fro n ta l co rtex , bu t unrelated in 
superfic ia l lam inae (r=0.089). There was a sm all reduc tion  (25%) in NM DA- 
sensitive [3H ]-g lu tam a te  b inding only in supe rfic ia l layers o f A .D . fro n ta l cortex 
re la tive  to  contro ls , a lthough [3H ]-g lu tam ate  binding in  A .D . subjects was
v i i
unre la ted to  senile  plaque numbers in these c o rt ic a l layers (r=0.104). Quisqualate 
receptors, as assessed by [3H ]-a -am ino-3 -hydroxy-5 -m ethy lisoxazo le -4 -p rop ion ic  
acid ([3H ]-A M P A ) b inding were unaltered in  A .D . fro n ta l co rte x  compared to  
contro ls . There was no s ig n ifican t a lte ra tio n  in  any g lu tam a te  binding sites in 
A .D . tem pora l co rte x  re la tiv e  to  con tro l brains, despite the  presence o f senile 
plaques in  com parable numbers to  those found in  A .D . fro n ta l co rtex . However, 
in the  m o lecu la r laye r o f cerebe lla r co rtex  fro m  A .D . subjects, there  was a 
s ig n ifica n t reduc tion  (40%) in the number o f [3H ]-A M P A  b inding sites ind ica ting  
a loss o f quisqualate receptors in th is  region. [3H ]-D-aspartate, [3H ]-ka ina te  and 
N M D A -sens itive  [3H ]-g lu tam a te  binding were una lte red  in  e ith e r the m olecu lar or 
granule c e ll layers o f A .D . cerebe lla r co rtex . W ith in  the  cerebellum , senile 
plaques were found in  ve ry  sm all numbers in only tw o  A .D . brains.
These resu lts  in d ica te  ana tom ica lly -se lec tive  a lte ra tio n s  in  g lu tam a te rg ic  sites 
w ith in  the  A .D . b ra in . The association o f the  ka ina te  response in fro n ta l co rtex 
w ith  the  leve l o f lo ca l neuropathology and the  loss o f quisqualate receptors in the 
cerebellum  in  the  absence o f gross neuropatholog ica l change suggests th a t the 
mechanisms o f g lu ta m a te rg ic  dysfunction in  A .D . are heterogeneous w ith  respect 
to  ana tom ica l locus.
R a t V isual System Studies
The ra t  v isua l system  was employed as a m odel po lysynaptic  pathway in  w hich to  
exam ine n eu ro tra nsm itte r recep to r a lte ra tio n s  under conditions o f func tiona l 
d e f ic it .  W ith in  the  visual system, g lu tam a te  is the  m a jo r e xc ita to ry  tra n s m itte r, 
a lthough sero ton in , noradrenaline, ace ty lcho line  and G ABA (y -am inobu ty ric  acid) 
are also invo lved  in  visual processing. U n ila te ra l o rb ita l enucleation experim ents 
w ere undertaken to  examine:
(1) the  response o f g lu tam ate  recep to r subtypes under conditions o f reduced 
g lu ta m a te rg ic  input;
(2) re ce p to r regu la tion  in separate bu t fu n c tio n a lly  re la ted  systems, by 
s im ultaneously quan tify ing  spec ific  sero tonerg ic, noradrenergic, G ABAerg ic 
and cho line rg ic  receptors post-lesion; and
(3) the  re levance o f a lte ra tions in n eu ro tra nsm itte r receptors to  changes in local 
ce rebra l func tion , by com bining the  [14C]-2-deoxyglucose technique fo r the 
m easurem ent o f cerebra l glucose use w ith  in v it ro  recep to r autoradiography. 
E xpe rim en ta l param eters were measured a t fou r tim e  points up to  20 days 
a fte r  the  lesion.
There w ere no s ig n ifica n t a lte ra tions in g lu tam a te  recep to r subtype binding up to  
10 days post-enucleation. A t  th is  tim e  po in t, however, [3H ]-A M P A  binding was 
s ig n if ic a n tly  reduced (30%) in the v isua lly -deprived  superior co llicu lus, but 
una lte red  in  o the r v isua lly-deprived areas. In con trast, a t 20 days post-lesion, a 
15% increase in  [3H ]-ka ina te  binding was ev iden t only in the v isua lly-deprived 
superior co llicu lus . Both responses were due to  changes in Bmax values w ith  no
i x
change in  recep to r a ff in it ie s . N M D A -sens itive  [3H ]-g lu tam a te  b inding was 
una lte red  a t any tim e  p o in t post-enuc lea tion . Results are lik e ly  to  be in d ica tive  
o f a postdenervation up-regu la tion  o f ka ina te  receptors in  the  superio r co llicu lus  
and a loss o f presynaptic quisqualate recepto rs  on degenerating re t in a l fib res.
In a separate series o f experim ents [3H ]-5 -hyd roxy tryp tam ine  (5HT), [3H ]- 
ke tanserin , [3H ]-d ihydroa lp renolo l (DHA), [3H ]-qu inuc lid iny lbenzy la te  (QNB) and 
[3H ]-m uscim ol binding to  5HT-,, 5HT2, p-adrenergic, m uscarin ic  and G ABA a 
recepto rs  was examined post-enucleation. The functiona l d e f ic it  was assessed in 
the  same animals using q u a n tita tive  [u C]-2-deoxyglucose autoradiography. A t  
1 day post-enucleation, the re  were no s ig n ifica n t a lte ra tions in  ligand binding 
although loca l cerebral glucose use was reduced in both p rim a ry  and secondary 
v isua l s tructures in the v isua lly -deprived  hemisphere. A t  5 days post-lesion, 
however, [3H ]-5HT and [3H ]-D H A  b inding were s ig n ifica n tly  reduced in both the 
v isua lly -deprived  superior co llicu lus  (by 17% and 23% respective ly) and dorsal 
la te ra l genicu la te  nucleus (by 33% and 30% respective ly). There were s im ila r 
a lte ra tio n s  in the binding o f these tw o ligands in these p rim a ry  re tin a l p ro jec tion  
areas a t 10 and 20 days a fte r  o rb ita l enucleation, but there  were no changes in 
secondary areas (e.g. visual co rtex) a t any tim e  point. [3H ]-M uscim ol b inding was 
s ig n if ic a n tly  reduced in the  v isua lly -deprived  dorsal la te ra l gen icu la te  (30%) and 
visua l co rtex  (21%) only a t 20 days post-lesion, w h ils t [3H ]-ke tanserin  and [3H ]- 
QNB were not a ltered in any reg ion in  the  v isua lly-deprived hem isphere a t any 
t im e  p o in t post-enucleation. A T  10 and 20 days post-enucleation, the  degree of 
[3H ]-5H T, [3H ]-D H A  and [3H ]-m uscim ol binding d e fic its  in v isua lly -deprived  
s truc tu res  corre la ted  s ig n ific a n tly  w ith  the  leve l o f reduced m e tabo lic  a c t iv ity  in
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these areas (r=0.700, r=0.757 and r=0.543 respective ly).
The s p e c ific ity  and reg iona l and tem pora l hete rogeneity  o f n eu ro tra nsm itte r 
recep to r b inding a lte ra tions  provides evidence o f se lec tive  adjustm ents w ith in  
v isua l system c irc u it ry  in  response to  o rb ita l enucleation.
The resu lts presented in  th is  thesis h igh ligh t the a p p lic a b ility  o f q u a n tita tive  
recep to r autoradiography in  studies o f recepto r dynamics in  bo th  ra t  polysynaptic 
systems and human neurodegenerative disease. The novel a lte ra tions  in 
g lu tam a te rg ic  sites in  the  A .D . b ra in  uncovered by the  present investigations 
p rovide  new ins ight in to  the  ro le  o f g lu tam a te rg ic  dys function  in the 
pathophysiology o f the  disease.
PREFACE AND DECLARATION
This thesis p r im a r ily  presents resu lts fro m  ligand b ind ing  studies in human 
postm ortem  m a te r ia l and ra t  b ra in  using q u a n tita tive  auto rad iographic methods. 
Loca l ce rebra l glucose u tilis a t io n  was measured in  ra t  v isua l system  studies using 
the [14C]-2-deoxyglucose technique.
Investigations have been conducted in th ree  broad areas:
(1) the in te g r ity  o f g lu tam a te  receptors and uptake sites in  postm ortem  tissue 
fro m  pa tien ts  dying w ith  A lzh e im er’s disease;
(2) post-lesion studies o f g lu tam ate  receptors in the  ra t  v isua l system, and
(3) post-lesion studies o f non-g lu tam aterg ic  recepto rs and ce rebra l function  in 
the ra t  v isua l system . Results fro m  these studies are presented and 
discussed separate ly.
In the fin a l discussion I have a ttem pted  to  h igh ligh t the  ins igh t provided by ligand 
binding autoradiography in studies o f b ra in  receptors and some lim ita tio n s  o f the 
approach.
This thesis comprises m y own o rig ina l w ork and has no t been presented previously 
as a thesis in  any fo rm .
x i i
CHAPTER I
INTRODUCTION
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1. NEUROTRANSM ITTER RECEPTORS A N D  CEREBRAL FUNCTION
B efo re  the  pioneering w ork o f Santiago Ramon Y  C aja l in the  la te  n ineteenth  
cen tu ry , the  cen tra l nervous system  (CNS) was regarded as a com plex 
n e tw o rk  o f neurons having cy top lasm ic  co n tin u ity  w ith  each o the r (" re tic u la r 
theo ry"). Using Golgi s ta in ing  techniques to  visualise ind iv idua l ce lls, C a ja l 
conceptualised and presented much o f the  em p irica l support fo r  the  "neuron 
th e o ry " which posits th a t the  CNS is composed o f many ind iv idua l s igna lling  
e lem ents -  neurons (Caja l, 1906). A t  th is  tim e , w h ils t try in g  to  ra tiona lise  
the  physio log ica l d iffe rences between conduction in nerve trunks and re fle x  
arcs, Sherrington concluded th a t a "surface  o f separation" m ust ex is t 
between neurons and in troduced the  te rm  "synapse" (Sherrington, 1906). 
Today, the  neuron is recognised as the  s tru c tu ra l and func tiona l u n it in  the 
b ra in  and the  synapse as the  essentia l means by which neurons com m unicate 
in  o rder to  co-ord ina te  the  m u lt ip l ic ity  o f b ra in  functions.
C om m unication  across the  vast m a jo r ity  o f synapses involves the  use o f a 
chem ica l tra n s m itte r, "bridged" or "gap" junctions are regarded as e le c tr ic a l 
synapses (Kandel and Siegelbaum, 1985). In addition to  the  classical 
neu ro transm itte rs , such as ace ty lcho line  and noradrenaline, the re  is grow ing 
evidence th a t amino acids, such as g lu tam ate , and ce rta in  peptides m ay act 
as chem ica l transm itte rs  a t CNS synapses. However, regardless o f the 
n eu ro tra nsm itte r employed, neurotransm ission across a ll chem ical synapses 
involves the  in te rac tion  o f tra n s m itte r molecules and spec ific  postsynaptic 
recepto rs . N eu ro transm itte r recepto rs thus represent the  p rim a ry  
recogn ition  sites by which e x tra c e llu la r signals may be transduced and
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amplified to postsynaptic biological response.
The recep to r concept is accred ited  to  the  physiologist, Langley, who w h ils t 
studying the  e ffe c ts  o f p iloca rp ine  and a trop ine on sa liva ry  secre tion  in  1878 
concluded th a t the re  was some "recep tive  substance" w ith  w hich the 
cho line rg ic  compounds could in te ra c t (Langley, 1906). We now recognise 
th a t the  n eu ro tra nsm itte r re ce p to r is a m acrom olecule, probably a 
g lycopro te in , which traverses the  lip id  b ilaye r o f the ce ll mem brane and 
possesses one or several recogn ition  sites which w il l  bind the 
neuro transm itte r. In te ra c tio n  o f the  neu ro transm itte r w ith  the  membrane- 
bound recep to r m ay induce e ith e r a d ire c t a lte ra tio n  in  mem brane ion 
p e rm eab ility  (ionotrop ic) or an a lte ra tio n  in membrane-bound enzymes which 
subsequently cata lyse in tra c e llu la r a c t iv ity  (m etabo lo trop ic) (Schwartz, 1985). 
I t  is the transduction  p roperties o f the  neu ro transm itte r recep to r, and not 
the  neuro transm itte r, w hich determ ines whether a synapse is in h ib ito ry  or 
e xc ita to ry . In add ition  to  m ed ia ting  trans-synaptic  neurotransm ission, i t  is 
now evident th a t n eu ro tra nsm itte r recepto r a c tiva tio n  m ay induce a 
spectrum  o f events on neuronal s tru c tu re , ranging fro m  n eu rite  sprouting and 
synaptic p la s tic ity  to  neuronal death (L ip ton and K a te r, 1989). 
Neuro tra n s m itte r recepto rs are, the re fo re , not only im p o rta n t in the 
hom eostatic con tro l o f neurotransm ission but may be the  p rim a ry  sites fo r 
neuro-degenerative o r neuro-regenera tive  changes in  the  CNS.
As evidence continues to  emerge to  ind icate  th a t the  m ost rem arkab le  o f 
b ra in  a c tiv itie s , such as m em ory and learning, are d ire c tly  re la ted  to  the
properties o f n eu ro tra nsm itte r receptors, (C o lling ridge  and Bliss, 1987; 
M orris  e t a l. 1986), our need fo r  understanding re ce p to r regu la tio n  becomes 
m ore fundam enta l to  our understanding o f ce rebra l fu n c tio n . I t  is the 
question o f n eu ro tra n sm itte r recep to r behaviour and how th is  m ay re la te  to  
func tiona l a c t iv ity  w ith in  the  bra in  which is the  ce n tra l them e o f the  studies 
presented in  th is  thesis. Investigations in A lzh e im e r’s disease have focused 
on receptors fo r  the  e x c ita to ry  amino acid tra n s m itte r, g lu tam a te , in view  
o f the  recep to r-m ed ia ted  neuro toxic properties o f th is  tra n s m itte r  (Rothman 
and Olney, 1987) and the  p u ta tive  invo lvem ent o f c o r t ic a l g lu tam aterg ic  
fib res in  the  pathophysio logica l progression o f the  disease (Pearson e t al. 
1985). Studies in  the  ra t  visual system have exam ined the  post-lesion 
regu la tion  o f both  g lu tam a te  receptors, im p lica ted  in  m ed ia ting  re tino -fuga l 
a c t iv ity  (C rune lli e t al. 1987), and receptors fo r  n on -g lu tam a te rg ic  systems 
involved in  m odu la ting  visua l processing. In th is  way i t  has been possible 
to  exam ine a num ber o f neuro transm itte r receptors a t m u lt ip le  synapses 
under conditions o f fun c tio na l d e fic it.
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2. G LU TAM ATE  AS A  NEUROTRANSMITTER
The a b ility  o f g lu tam a te  and a number o f re la te d  amino acids to  ac tiva te  
CNS neurons (C u rtis  e t al. 1959), fo rm ed the  basis fo r  proposing a 
tra n s m itte r ro le  fo r  these compounds. However, in it ia l e lectrophysio log ica l 
studies on spinal cord neurons (C urtis  and W atkins, 1960a) ind icated th a t the 
e x c ita to ry  ac tion  o f g lu tam ate  was widespread and e ffe c te d  by both the d 
and l  form s o f the  amino acid. In add ition , the  w idespread m etabo lic  roles 
o f g lu tam a te  as a Krebs cycle  in te rm ed ia ry  (Krebs, 1935), in p ro te in  and 
peptide synthesis (M eister, 1979), as a p recursor fo r  the inh ib ito ry  
n e u ro tra nsm itte r y -a m in o bu ty ric  acid G ABA (Roberts and F rankel, 1950), and 
in the  d e to x if ic a tio n  o f ammonia (W eil-M alherbe, 1950) led to in it ia l 
sceptic ism  in  regard ing  g lu tam ate  as a n eu ro tra nsm itte r.
However, over the  las t 20 years a large body o f evidence has emerged to 
support the  concept th a t g lu tam ate is a tra n s m itte r in the  bra in  (fo r reviews 
see Roberts e t al. 1981; D i Chiara and Gessa, 1981) and th is  amino acid is 
now w ide ly  accepted as the m ajor e x c ita to ry  tra n s m itte r  in  the CNS.
The fo u r m ain  c r ite r ia  fo r c la ss ifica tion  o f any compound as a 
neu ro tra nsm itte r are:
1. I t  is p re -synap tica lly  localised in  sp e c ific  neurons;
2. I t  is sp ec ifica lly  released by physio log ica l s tim u li in 
concentrations high enough to  e l ic i t  a postsynaptic response;
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3. I t  has id e n tity  o f ac tion  w ith  the  endogenous tra n s m itte r, e.g.
response to  antagonists; 
and 4. U ptake mechanisms e x is t w h ich  te rm in a te  tra n s m itte r ac tion
rap id ly .
G lu tam a te  sa tis fies each o f these requ irem ents to  vary ing  degrees.
A  sodium-dependent high a f f in ity  uptake system  is a common requ irem ent 
fo r  tra n s m itte r  amino acids and amines (Fonnum e t al. 1980). Such a system 
exists fo r  g lu tam ate  in the CNS. L-G lutam ate and d -  and L-aspartate, to  the 
exclusion o f a ll o ther amino acids, are taken up by th is uptake c a rr ie r (Logan 
and Snyder, 1971; Balcar and Johnston, 1972). The uptake o f these 
compounds a t th is  s ite  shows an absolute requ irem ent fo r  sodium (Bennet 
e t al. 1973), tw o  sodium ions being requ ired  fo r  the  uptake o f one g lu tam ate  
m o lecu le  (S tallcup e t al. 1979). Inh ib ito rs  o f th is  uptake process, L-g lutam ate 
d im e thy le s te r (Haldeman and McLennan 1973) and l -  and D-threo-3- 
hydroxyasparta te  (Johnston e t al. 1980), pro long the e xc ita to ry  action  o f l -  
g lu tam a te  con firm ing  the im portance o f th is  system in te rm in a tin g  the 
e ffe c ts  o f th is  amino acid.
Ca2+-dependent release o f g lu tam a te /asparta te  has been dem onstrated in 
bo th  slices and synaptosome preparations by several d iffe re n t depolarisation 
m ethods (Fonnum, 1984). In add ition, sp e c ific  nerve pathway s tim u la tion  
has been shown to  increase the  release o f g lu tam ate /asparta te  in v it ro
5
(Skrede and Malthe-Sorenssen, 1981) and in v ivo  (C raw ford and Connor, 1973) 
experim ents. G lu tam ate  release, evoked by such physio log ica l s t im u li is 
s u ff ic ie n t to  e lic i t  postsynaptic responses (Granata and Reis, 1983).
As no precursor o r syn th e tic  enzym e is known to  be sp e c ific  fo r  the 
tra n s m itte r pool o f g lu tam ate , no re lia b le  enzyme m arke r is ava ilab le  fo r 
g lu ta m a te rg ic  nerve te rm ina ls . However, the  v isua lisa tion  o f g lu tam a te ­
lik e  im m un o re ac tiv ity  in  some synaptic  vesicles (O tterson and S torm - 
M athisen, 1984) and the  s im ila r ity  o f th is  h istochem ica l lo ca lisa tion  w ith  
resu lts  obtained w ith  a h ig h -a ff in ity  g lu tam ate  uptake s ite  m arke r (Fonnum, 
1984) ind icates th a t g lu tam a te  is p re -synap tica lly  localised in spec ific  
neurons. M oreover, N a ito  and Ueda (1983) have dem onstrated a se lec tive  
ATP-dependent uptake o f g lu tam a te  in to  synaptic vesicles.
As D-aspartate has a high a f f in ity  fo r  the  g lu tam ate  uptake c a rr ie r, th is 
m e ta b o lica lly  stable compound has been employed in uptake and release 
studies a llow ing id e n tif ic a tio n  o f numerous g lu tam aterg ic  pathways (Fonnum, 
1984). W ith  the developm ent o f antagonists o f g lu tam ate  receptors, 
b lockade o f synaptic e xc ita tio n  has now been dem onstrated in  a number o f 
s p e c ific  pathways (W atkins and Evans, 1981). Taken toge the r these data a t 
least p a r tia lly  sa tis fy  the  id e n tity  o f action  c r ite r io n  fo r  n eu ro transm itte r 
actions and support the  postu la ted  ro le  o f ac id ic  amino acids as e x c ita to ry  
neuro transm itte rs .
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The many d if fe re n t ro les assigned to  g lu tam ate , in  add ition  to  
neu ro transm itte r, necessitates th a t its  synthesis and m etabo lism  are 
com partm enta lised w ith in  the  CNS. Lesions o f g lu ta m a te rg ic  pathways to  
d iffe re n t b ra in  regions are accompanied by 20% -  45% reductions in 
endogenous g lu tam ate  con ten t, ind ica ting  the  re la tiv e  s ize o f the  tra n s m itte r 
g lu tam ate  pool (Lund-Karlsen and Fonnum, 1978; Walaas and Fonnum, 1980). 
However, de te rm ina tion  o f the  syn the tic  pathway sp e c ific  fo r  tra n s m itte r 
g lu tam ate  has not been possible and, as alluded to  above, enzymes known to 
be involved in g lu tam a te  synthesis (fo r rev iew , see H e rtz , 1979) do not 
provide spec ific  m arkers o f g lu tam a te rg ic  neurons. A lthough  the  precise 
syn the tic  pathway is unclear, g lu tam ine, 2 -oxo -g lu ta ra te  and asparta te  are 
im m edia te  precursors fo r  g lu tam a te  synthesis. T he ir re la t iv e  con tribu tion  
to  tra n s m itte r g lu tam a te  synthesis in v ivo remains undefined.
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G LU TAM ATE RECEPTOR CLASSIFICATION A N D  B IN D IN G  STUDIES
In 1960, the  m o lecu la r requirem ents fo r amino acids to  possess e xc ita to ry  
a c tiv ity  w ere defined as being " the presence o f  an am ino group o p tim a lly  
s itu a te d  alpha to  a ca rboxy l group and spaced tw o  o r th ree  carbon atoms 
d is tan t fro m  a second ac id ic  site'n (C urtis  and W atkins, 1960b). This 
suggested th a t ac id ic  amino acids in te rac ted  w ith  a sing le  th ree  po in t 
a ttachm ent s ite  on the  neuronal membrane. However, w ith  the  development 
o f e x c ita to ry  amino acid antagonists, the concept o f a sing le  recep to r s ite  
became less tenable  and the  e lectrophysio log ica l e ffe c ts  o f g lu tam ate  and 
its  congeners were subsequently found to  be m ediated by several d is tin c t 
recep to r types ( fo r review s see McLennan, 1981 and W atkins and Evans, 
1981).
The m ost common g lu tam a te  recepto r c la ss ifica tion  describes th ree  d is tin c t 
recep to r subtypes (W atkins and Evans, 1981). These are named N -m ethy l- 
D-aspartate (NM DA), quisqualate and kainate, a fte r  the  m ost sp ec ific  agonist 
compounds a t each recep to r. A  fou rth  class is defined by the  antagonist 
L-2-am inophosphonobutyric (l-A P 4). The precise e lectrophysio log ica l 
func tion  o f th is  recep to r, however, is uncerta in .
(1) N M D A  R eceptors: These receptors are defined by th e ir high
s e le c tiv ity  fo r  NM DA, N M LA, asparta te  and ibotenate. 
Pharm aco log ica l progress has been p a rtic u la r ly  rap id  in  re la tion  to  the 
N M D A  re ce p to r subtype and both co m p e titive  and non-com petitive  
antagonist compounds are now available, one o f the  m ost potent
c o m p e tit ive  antagonists being 3 -(2 -ca rb oxyp ip e ra z in -4 -y l)-p ro p y l-l- 
phosphonic acid (CPP) (Davies e t al. 1986). A  number o f chem ica lly  
d if fe re n t compounds are classed as non -com pe titive  NM DA recep to r 
antagonists including "d issoc ia tive  anaesthetics" (phencyclid ine and 
ketam ine) and the benzomorphan sigma opiates (e.g. SKF 10047, N - 
a lly l-no rm e tazoc ine ) (Kemp e t al. 1987). However, the dibenzo- 
cycloheptene-im ine , M K-801, has been id e n tif ie d  as the m ost potent 
m em ber o f th is  class o f compounds (Kemp e t al. 1987). Antagonism  
o f N M D A -recep to r m ediated responses by these compounds is vo ltage 
and use-dependent (Kemp e t al. 1987), ind ica tin g  th a t th e ir  s ite  o f 
a c tion  is a t the  leve l o f the N M D A  recep to r-opera ted  ion channel. 
M g2+ and o ther d iva len t cations also a c t to  produce a vo ltage- 
dependent b lock o f th is  ion channel (M ayer e t al. 1984), although most 
probab ly a t a d iffe re n t locus o f ac tion  fro m  the  above mentioned 
compounds (Kemp e t al. 1987). Conversely, N M D A recep to r action 
has been shown to  be enhanced by both  g lyc ine  (Johnson and Ascher, 
1987) and sperm idine (a polyam ine found in high concentrations in 
synaptosomal fractions) (Ransom and Stec, 1988), suggesting an overall 
com plex m odula tion o f NM DA re ce p to r fun c tio n  in v ivo .
(2) Q uisqualate Receptors: These receptors are ac tiva ted  se lec tive ly  by 
qu isqualic acid, L-glutam ate and a -am ino-3 -hyd roxy-5 -m e thy l-4 - 
isoxazolepropion ic acid (AMPA). In co n tra s t to  NM DA receptors, no 
h igh ly  se lec tive  quisqualate recep to r antagonists are available. 
However, L-g lutam ic a c id -d ie thy l-es te r (GDEE) shows some s e le c tiv ity
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fo r  quisqualate recep to r responses (W atkins and Evans, 1981). M ore 
re ce n tly , tw o po ten t co m p e titive  non-N M D A recep to r antagonists, 6,7- 
d in itro -qu inoxa line -2 ,3-d ione(D N Q X )and6-cyano-7 -n itro -qu inoxa line- 
2,3-dione (CNQX), have been developed (Honore e t al. 1988). These 
compounds b lock the  e x c ita to ry  ac tion  o f quisqualate and ka inate  in 
spinal neurones w ith  l i t t le  o r no e ffe c t  on th a t o f N M D A (Honore e t 
a l. 1988).
(3) K a ina te  Receptors: Ka ina te-induced e xc ita to ry  responses are
re la tiv e ly  insensitive to  antagonism by NM DA recep to r antagonists or 
by GDEE, suggesting th a t ka ina te  acts a t a th ird  class o f g lu tam ate  
receptors (McLennan and Lodge, 1979). A t  these sites, ka ina te  and 
dom oate are po ten t agonists w h ile  AM PA and g lu tam a te  are 
m oderate ly e ffe c tiv e  (Davies e t al. 1982).
There is now substantia l evidence fro m  e lectrophys io log ica l studies 
to  ind ica te  th a t NM D A , quisqualate and ka inate receptors m ediate  
e x c ita to ry  neurotransm ission in  the  CNS (Foster and Fagg, 1984; 
M eldrum , 1985). G lu tam ate  is considered a m ixed agonist (W atkins 
and Evans, 1981) in te ra c tin g  w ith  each o f the phys io log ica lly  defined 
recep to r subtypes and is a strong candidate as the  endogenous 
tra n s m itte r a t these CNS receptors.
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As discussed in section 1 o f th is  chapter, the n eu ro tra n sm itte r/re ce p to r 
in te ra c tio n  is the  fundam enta l basis o f synaptic fun c tio n  in  the  CNS. 
A lthough  e lectrophys io log ica l and b iochem ica l experim ents p rovide  essential 
in fo rm a tion  re la tin g  to  re ce p to r func tion , ligand binding techniques provide 
the  only means o f probing the  neu ro tra nsm itte r/re ce p to r in te rfa c e  in  the 
absence o f c e llu la r in fluences. These techniques have been used successfu lly 
in  the  study o f an extensive num ber o f d iffe re n t CNS receptors and, in  th is 
respect, g lu tam ate  recepto rs are no t exceptional.
The f i r s t  ligand binding studies o f g lu tam ate  receptors were published by 
M ichaelis e t al. and R oberts in  1974. Using [14C ]-g lu tam a te , these 
investiga tors found th a t the  b inding  was saturable o f re la t iv e ly  high a ff in ity  
and displaced by o the r ac id ic  am ino acids. The developm ent o f L - [3H ]- 
g lu tam ate  w ith  higher sp e c ific  a c t iv ity  in it ia te d  a number o f investiga tions 
o f [3H ]-g lu tam ate  b inding to  b ra in  homogenates using a v a r ie ty  o f techn ica l 
approaches (fo r rev iew  see Foster and Fagg, 1984).
L igand binding studies are only o f value i f  the sites labelled correspond to  
the  physio log ica l/pharm aco log ica l receptors o f in te res t. In th is  respect, 
autoradiographic recep to r b inding techniques are superior to  those using 
b ra in  homogenates as both the  pharm acological s p e c ific ity  o f b inding and its  
reg iona l loca lisa tion  can be compared to  e lectrophysio log ica l data. The f ir s t  
reports  o f high a f f in ity  [3H ]-g lu tam ate  binding using q u a n tita tive  
autoradiography were published in  1983 (Greenamyre e t al. 1983; Halpain 
e t al. 1983; Monaghan e t al. 1983). These studies ind ica ted  th a t [3H]~
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g lu tam ate  bound to  a ll th ree  subtypes o f g lu tam ate  re ce p to r and revealed 
a heterogeneous d is tr ib u tio n  o f these sites in  the  CNS. Subsequent 
autoradiographic studies ind ica ted  th a t the d is tr ib u tio n  o f g lu tam ate-b ind ing  
sites co rre la ted  w e ll w ith  the  p ro jec tion  areas o f p u ta tiv e  g lu tam aterg ic  
pathways and provided pharm acological evidence to  suggest th a t the  NMDA, 
quisqualate- and ka ina te -sens itive  g lu tam ate  b inding sites corresponded to 
the  phys io log ica lly  defined NM DA, quisqualate and ka ina te  receptors 
(Greenamyre e t al. 1984a; Greenamyre e t al. 1985; Monaghan and Cotman, 
1985).
As [3H ]-g lu tam ate  was a "m ixed  agonist" rad io ligand, m ore  accura te  studies 
o f the th ree  g lu tam ate  recep to r subtypes required  m ore se le c tive  ligands. 
From  e lectrophys io log ica l data (Davies e t al. 1979; W atkins and Evans, 1981), 
AM PA, ka inate  and N M D A  were the m ost appropria te  agonists fo r  se lective 
radioligands. However, a ttem p ts  to  label the  N M D A  re ce p to r using [3H]- 
NM DA were re la t iv e ly  unsuccessful w ith  only low  levels o f sp ec ific  binding 
being obtained (Foster and Fagg, 1987). C o m p e titive  and non-com petitive  
antagonists have provided m ore successful and se lec tive  N M D A  receptor 
labelling. The d is tr ib u tio n  o f [3H]3-((±) 2 -ca rboxyp iperaz in -4 -y l) p ropyl-1- 
phosphonic acid ([3H ]-CPP), [3H ]- l- ( l- (2 - th ie n y l)-c y c lo h e x y l)  p iperid ine  ([3H]- 
TCP) and [3H ]-M K-801 corresponds rem arkably w e ll w ith  th a t found fo r 
N M D A-sensitive g lu tam a te  binding sites (Jarvis e t al. 1987; Cotm an e t al.
1987), although m ore recen t evidence suggests th a t [3H ]-C PP  may label a 
subpopulation o f N M D A  sites (Monaghan e t al. 1988), a lb e it the most 
substantia l recep to r subtype. In addition, [3H ]-g lu tam a te  b inding under the
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appropria te  b inding conditions and in  the  presence o f se lec tive  blockers 
provides h igh ly  se lec tive  labelling o f N M D A  recepto rs  (Monaghan and 
Cotm an, 1985).
[3H ]-A M P A  b inding to  ra t  bra in membranes was found to  be saturable and 
reve rs ib le  (Honore e t al. 1981) and to  possess the  appropriate 
pharm aco log ica l p ro file  and anatom ical d is tr ib u tio n  fo r  quisqualate receptor 
labe lling  (Monaghan e t al. 1984). The d iscovery th a t chao trop ic  ions (e.g. 
SCN") m arked ly  increase the a ff in ity  o f quisqualate recepto rs  fo r [3H ]-A M P A  
(Honore and N ielson 1985) has made accurate  autorad iographic studies o f 
quisqualate recepto rs  possible. S im ilary, b inding o f [3H ]-ka ina te  to  ra t brain 
membranes was sa turab le  and reversib le  (Simon e t al. 1976) and iden tica l to  
ka ina te -sens itive  [3H ]-g lu tam ate  binding sites (G reenam yre e t al. 1985). 
[3H ]-K a in a te  b inding has been shown to  have a synap tic  loca lisa tion  (Foster 
e t al. 1981) and the  anatom ical d is trib u tio n  o f [3H ]-ka ina te  binding in the 
CNS suggests th a t ka inate  sites are associated w ith  se lec t te rm ina l fie lds 
(Monaghan and Cotm an, 1982).
In v iew  o f the  above data, the autoradiographic labe lling  o f g lu tam ate 
recepto rs presented in  th is  thesis has re lie d  on the  use o f [3H ]-AM PA, [3H ]- 
ka inate  and [3H ]-g lu tam a te  as se lective  rad ioligands fo r  quisqualate, kainate 
and N M D A  recepto rs  respective ly.
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4. G EN ER AL NEURO PATHO LO G ICAL A N D  NEURO CH EM IC AL ASPECTS OF
A LZ H E IM E R ’S DISEASE
A lz h e im e r’s disease (A.D.) is a dem enting disorder o f insidious onset 
characte rised  by m em ory loss and general progressive cogn itive  decline 
(H uppert and Tym , 1986). The disease is believed to  a ffe c t some 10-15% o f 
the  popu la tion  o f 65 years and over (Henderson, 1986). As o ther 
neuropathologies cause s im ila r c lin ic a l fea tures, (e.g. m u lt i- in fa rc t  
dem entia), c lin ic a l diagnosis o f the  disease is one o f exclusion and d e fin it iv e  
diagnosis requires neuropathological co n firm a tio n . The h is to log ica l c r ite r ia  
fo r  diagnosis are the presence o f large numbers o f senile plaques and 
n e u ro fib r illa ry  tangles in ce rta in  areas o f the  neocortex and hippocampus, 
as f i r s t  described by A lzhe im er in 1907. In add ition  to  these m icroscopic 
fea tu res, gross m orphological changes in  A lzh e im e r’s disease have been 
described in  term s o f co rtic a l a trophy in  w h ich  the re  is a shrinkage o f the 
g y ri and w idening o f the sulci, usually w ith in  the  fro n ta l and tem pora l lobes 
(Perry, 1986). Plaques and tangles may, however, be found in the absence 
o f any d is t in c t c o rtic a l atrophy (personal observations; Perry, 1986).
Senile plaques are the m icroscopic fea tu res upon which d e fin it ive  diagnosis 
o f A .D . depends (Khachaturian, 1985). The general h isto log ica l features o f 
the  plaques are usually described in te rm s o f a cen tra l spherical am yloid 
"co re ” surrounded by numerous degenerating neurites (presynaptic nerve 
te rm ina ls) and g lia l cells (astrocytes and m ic rog lia ) (Brun, 1983). W isniewski 
and T e rry  (1973) have, however, subdivided plaques in to  three categories 
re la ted  to  th e ir  stage o f development: (1) a "p r im it iv e ” plaque, consisting o f
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a sm all number o f neurites and sm all am ount o f am ylo id; (2) a "m a tu re " 
plaque, consisting o f a dense core o f am ylo id  and numerous neurites and (3) 
a "b u rn t-o u t" plaque, consisting a lm ost e n tire ly  o f am yloid. The p r im it iv e  
plaque is ty p ic a lly  found in younger A lzh e im e r patien ts w h ile  the  m ature  
plaque is present in  re la tiv e ly  g rea te r numbers in o lder pa tien ts  (Mann, 1988). 
The p rinc ipa l p ro te in  com ponent o f plaque am yloid is a low  m o lecu la r 
w e igh t hydrophopic p ro te in  (p -p ro te in ) which is also present in 
cerebrovascular am yloid (Selkoe, 1987). I t  is o f in te res t th a t the  p -p ro te in  
gene has been located on chromosome 21 (Selkoe, 1987), p rov id ing  a d ire c t 
exp lanation  fo r the developm ent o f plaques in v ir tu a lly  a ll adu lt tr iso m y  21 
(Down’s Syndrome) patien ts. X -ra y  and NM R analysis fu r th e r suggests the 
presence o f a fo rm  o f a lum inos ilica te  in  the  plaque core, strengthen ing the 
hypothesis th a t m inera l deposition m ay be a stim ulus fo r  plaque fo rm a tion  
(B e rtho lf, 1987). Plaque neurites appear to  derive from  a v a r ie ty  o f neuron 
types including cholinerg ic, noradrenerg ic and som atosta tinerg ic  (W alker e t 
al. 1988) and possibly g lu tam a te rg ic  (Perry, 1986).
Plaques accum ulate as spherica l lesions in  the  neuropil and are found in high 
numbers in  fro n ta l and tem pora l co rtex , hippocampus and amygdala and very 
low  numbers in p rim ary  visual, aud ito ry , somatosensory and m o to r co rtices 
(Mann, 1988). The d is trib u tio n  o f plaques in co rtex  does not appear to  be 
random bu t may be associated w ith  sp ec ific  in tra c o rtic a l fib res (Pearson e t 
al. 1985; Rogers and M orrison, 1985).
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N e u ro fib r illa ry  tangles, lik e  plaques, are also present in  high numbers in the 
cerebra l co rtex  and hippocampus, however, they are also found in  subcortica l 
s truc tu res  such as the  nucleus basalis o f M eynert, raphe nuc le i and the  locus 
coeruleus (W ilcock & E s iri, 1982; Mann e t al. 1985; Perry, 1986). W ith in  the 
association areas o f ce rebra l co rtex , tangles are arranged in d e fin ite  
"c lus te rs" (Pearson e t al. 1985), p a rtic u la r ly  in c o rtic a l layers III and V, 
which are associated w ith  c o rt ic o -c o rt ic a l pro jections.
A t  the lig h t m icroscop ic  leve l, tangles appear as an accum ula tion  o f 
filam entous m a te ria l w ith in  the  neuron perikarya (Brun, 1983). Under the 
e lec tron  m icroscope, tangles are seen to  be composed o f numerous pairs o f 
filam ents , wound in a h e lica l manner, leading K idd (1963) to  propose the 
te rm  "pa ired he lica l f ila m e n ts " fo r  these structures. W hether paired he lica l 
filam en ts  are composed o f norm al cy toske le ta l e lem ents or some new 
abnormal p ro te in  rem ains unknown. However, using im m unohistochem ica l 
techniques, a number o f m icrotubule-associa ted phosphoproteins (MAP2 and 
tau proteins) have been id e n tif ie d  as antigenic constituents o f pa ired he lica l 
filam en ts  and tangles (Kosik e t al. 1984 and 1986).
The fo rm a tion  o f tangles w ith in  neuronal perikarya has been im p lied  to  be 
the  cause o f ce ll loss in  A .D . (Saper e t al. 1985). Consistent w ith  this 
hypothesis, high co rre la tions  between neuronal counts and estim ates o f 
n e u ro fib r illa ry  change have been reported in both fro n ta l and tem pora l 
co rtex  in  the  A .D . b ra in  (M ountjoy e t al. 1983).
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I t  is lik e ly  th a t the  accum ulation o f tangles progressive ly d isrupts essential 
in tra c e llu la r functions (p ro te in  synthesis, o x ida tive  m etabo lism ) (Sumpter e t 
al. 1986) subsequent to  neuronal death.
A lthough plaques and tangles are the ch a ra c te ris tic  m icroscop ic  features o f 
A .D ., i t  is unclear to  w ha t ex ten t these neuropatho log ica l changes re la te  to  
the  c lin ic a l expression o f the  disease. Blessed e t a l. (1968) and W ilcock and 
E s iri (1982) re p o rt s ig n ific a n t corre la tions o f postm ortem  plaque scores and 
degree o f dem entia w h ile  Neary e t al. (1986), using biopsy m a te ria l from  
A .D . pa tien ts , found th a t both plaques and tangles w ere unrelated to 
dem entia ra tings. As Mann (1988) has suggested, i t  is like ly  tha t 
m ethodolog ica l problem s, such as ce iling  e ffe c ts  a t postm ortem , may 
preclude achievem ent o f s ta tis tic a l s ign ificance  in  corre la tions o f 
neuropathological and cogn itive  indices. Measurem ent o f pyram ida l ce ll loss 
(Neary e t al. 1986) o r synaptic density (Davies e t al. 1987) in  the  A .D . brain 
appears to  be a m ore sensitive  indice o f cogn itive  func tion .
Perhaps the  m ost consistent neurochem ical changes in  A .D . are re la ted to 
the cho line rg ic  system . Numerous investiga tors have reported  reductions 
in choline ace ty ltransfe rase  (ChAT) a c tiv ity , both in  postm ortem  and biopsy 
m a te ria l, in  ce rebra l co rtex  and hippocampus o f A lzh e im e r patien ts (White 
e t al. 1977; P erry  e t al. 1977; Davies and T e rry , 1981; M ountjoy e t al.
1984). The loss o f th is  presynaptic cho line rg ic  m arke r in  these regions 
probably re la tes  to  the  loss o f ascending cho line rg ic  fib res  whose ce ll bodies 
lie  in the  nucleus basalis o f M eynert, diagonal band o f Broca and the septal
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nucle i (W hitehouse e t al. 1982; Saper e t a l. 1985; M cG eer e t al. 1984) o f the 
basal fo reb ra in . The reported co rre la tion  o f C hAT a c t iv ity  w ith  both mean 
plaque count and the  ex ten t o f in te lle c tu a l im pa irm en t in a group o f 
A lzh e im e r pa tien ts  (Perry e t al. 1978) p re c ip ita te d  the "cho line rg ic  
hypothesis”  o f A .D . This posits th a t the  co gn itive  im pairm ents o f the 
disorder, p a r tic u la r ly  memory, are d ire c t ly  re la ted  to  the level o f 
d isturbance in  cerebra l cholinerg ic neurotransm ission. However, a ttem pts 
to  im prove cogn itive  functions in A lzh e im e r pa tien ts  w ith  acety lcho line  
precursors, acetylcho linesterase inh ib ito rs  o r cho line rg ic  agonists have been, 
fo r  the  m ost p a rt, unrem arkable (H ollander e t al. 1986), and i t  is now 
apparent th a t m u ltip le  neu ro transm itte r systems are a ffe c ted  in A .D .
B iochem ica l m arkers fo r  noradrenergic, sero tonerg ic, pep tiderg ic , G ABAerg ic 
and g lu ta m a te rg ic  neurotransm ission are a ll found to  be a lte red  in A .D . 
(Hardy e t al. 1985; Rossor and Iversen, 1986 and Q uirion  e t al. 1986). 
F u rthe rm ore , a large body o f lite ra tu re  ind icates, fo r  the m ost part, 
reductions in  c o rtic a l neuro transm itte r receptors associated w ith  each of 
these systems. These include reductions in: a-,, a 2, P-j and p2-adrenergic 
recepto rs (Shimohama e t al. 1986a and 1987); 5HT1 and 5HT2 receptors 
(Cross e t al. 1984 and 1988); som atosta tin  and C RF (co rtico trop in -re leas ing  
fa c to r) recepto rs  (Beal e t al. 1985; De Souza e t al. 1986); GABAa and G ABA b 
receptors (Chu e t al. 1987); benzodiazepine receptors (Shimohama e t al.
1988); and g lu tam ate  receptors (Greenamyre e t al. 1987). The status o f 
c o rt ic a l cho line rg ic  m uscarin ic receptors is unclear w ith  reports o f normal 
or reduced non-se lective  antagonist b inding, norm al binding and reduced
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M 2 b ind ing  (Perry e t al. 1986). Reduced M 2 recep to r binding has been 
proposed to  re f le c t a loss o f p resynaptic  auto recep to r sites (Mash e t al.
1985). In a s im ila r fashion to  m uscarin ic  receptors, c o rt ic a l cho line rg ic  
n ic o tin ic  receptors have been reported  to  be e ith e r una ltered (Shimohama e t 
al. 1986b) o r reduced (Whitehouse e t a l. 1986) in  A .D . Consistent losses in 
p resynap tic  ChAT a c tiv ity  in  the  ce rebra l co rte x  o f A .D . brains is thus not 
associated w ith  any consistent postsynaptic  recep to r response.
To date, m uch has been discovered in re la tio n  to  both neuropathological and 
neurochem ical a lte ra tions in A .D . W hich o f these neurochem ical and neuro­
pa tho log ica l changes are fundam enta l to  the  disease process and which are 
epiphenomenal is, a t present, unclear. The cen tra l question o f how 
neurochem ical, neuropathological and fun c tio na l changes are in te r-re la te d , 
i f  a t a ll, rem ains unanswered and, as ye t, no d e fin it iv e  statem ents can be 
made regard ing  the aetio logy o f the  disease. Resolving these basic issues 
c le a rly  requires a greater understanding o f the  disease process. In th is  
respect, a grow ing body o f evidence ind icates th a t the cerebral co rtex  is the 
s ite  o f the  p rim a ry  "lesion” in A .D . and th a t pro jections u tilis in g  the 
e x c ita to ry  neurotransm ission g lu tam ate , m ay be se lec tive ly  involved.
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5. G LU TAM ATE AND A LZH E IM E R ’S DISEASE
N europatho log ical changes and nerve ce ll loss in  A .D . occurs both  in  the 
ce rebra l co rtex  (including hippocampus and amygdala) and se lec tive  
subco rtica l nuclei including the  nucleus basalis, locus coeruleus and various 
raphe nucle i (Mann, 1988; P erry, 1986). The s ign ificance  o f th is  widespread 
p a tte rn  o f neurodegeneration fo r  the  pathogenesis o f A .D . has rem ained 
obscure. However, recen t neuroanatom ica l studies suggest th a t the  areas 
ty p ic a lly  involved in A .D . are characterised by neuronal connections (a ffe re n t 
o r e ffe re n t) w ith  o ther areas invo lved (Hardy e t al. 1986; Saper, 1988) and 
th a t the  disease process may progress p rim a rily  along se lec tive  c o rtic a l 
pathways (Pearson e t al. 1985), w ith  subcortica l changes occurring  
secondarily. The cerebra l co rtex , the re fo re , may be the  p rim a ry  lesion s ite  
in  the  A .D . brain. The invo lvem ent o f g lu tam ate  as the  m a jo r e x c ita to ry  
tra n s m itte r w ith in  the cerebra l co rtex  and the neuro toxic  p roperties o f th is 
amino acid have been the basis o f hypotheses im p lica tin g  the  g lu tam a te rg ic  
system  in  the pathophysiology o f c o r t ic a l dysfunction in A .D . (Maragos e t al. 
1987a; Greenamyre e t al. 1988).
In 1957, Lucas and Newhouse dem onstrated th a t subcutaneous in je c tio n  o f 
g lu tam ate  was to x ic  to  the  im m atu re  mouse re tina . I t  was subsequently 
discovered th a t ora l or subcutaneous adm in is tra tion  o f g lu tam ate  destroyed 
neurons in  bra in areas which lacked a blood-bra in b a rrie r (Olney, 1969). 
F u rthe r studies exam ining the  m o lecu la r sp e c ific ity  o f g lu tam ate  neuro­
to x ic ity ,  using a range o f g lu tam ate  analogues, revealed th a t only agents 
possessing g lu tam a te -like  e x c ita to ry  properties could m im ic  its  n eu ro tox ic ity
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and th a t a close correspondence existed between the  neu ro tox ic  potency o f 
a given agent and its  a b il ity  to  depolarise neurons (O lney e t a l. 1971). From  
these findings, O lney in troduced the  te rm  "e xc ito to x in " to  emphasise th a t 
g lu tam a te ’s neuro tox ic  ac tion  is m ediated by a prolonged depolaris ing action 
a t its  postsynaptic re ce p to r sites. The a b ility  o f s p e c ific  g lu tam ate  
recep to r anatagonists to  b lock the  to x ic  e ffe c ts  o f g lu tam a te  and its  
analogues (Rothman & O lney, 1987), fu rth e r suggests th a t to x ic ity  is a 
recepto r-m ed ia ted  phenomenon. The precise mechanism o f e x c ita to ry  amino 
acid n eu ro tox ic ity  is unclear. However, based on in v it ro  experim ents, i t  
is cu rre n tly  believed th a t tw o , possibly additive , mechanisms are responsible 
fo r  neuronal death: an acute Na2+- and C l"-dependent process and a delayed 
Ca2+-dependent process (Rothman & Olney, 1987). I f  e x c ito to x ic ity  is the 
mechanism o f neuronal death in A .D ., we may expect th a t the  d is tribu tion  
o f neuropathological changes in cerebral co rtex  should correspond to  the 
te rm in a l fie lds  o f g lu ta m a te rg ic  pathways.
G lu tam ate  has been proposed to  be the tra n s m itte r o f c o r t ic a l pyram idal 
cells (Fonnum e t al. 1981). Uptake, release and im m unocytochem ica l studies 
in rodent b ra in  (Fonnum, 1984) and, more recen tly , im m unocytochem ica l 
loca lisa tion  o f g lu tam a te  in  pyram idal cells o f p rim a te  b ra in  (C onti e t al.
1987), form s a convincing  body o f evidence in support o f th is  neuro­
tra n s m itte r id e n tif ic a tio n . Pyram idal cells cons titu te  the  p rin c ip a l e ffe re n t 
cells o f the cerebra l co rtex , m ediating  both c o r tic o -c o rtic a l (associational) 
and co rtico -fu g a l neurotransm ission (Jones, 1981). Pearson and colleagues 
have proposed th a t the  d is tribu tion  o f h is topa tho log ica l changes in
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A lzh e im e r’s cerebra l co rtex  is not random and co rre la tes  w ith  the te rm ina l 
fie lds o f c o r t ic a l association pathways (Pearson e t a l. 1985). The authors 
suggest th a t n e u ro fib r illa ry  tangles are found in  the  c e ll bodies o f pyram idal 
ce lls g iv ing  rise  to  these fib res and th a t senile plaques m ay be a t the ends 
o f fib res  and th e ir  co lla te ra ls . Consistent w ith  th is  hypothesis, senile 
plaques are m ost dense in  zones o f association f ib re  te rm ina tion  and 
n e u ro fib r illa ry  tangles are p a rticu la rly  p rom inen t in  c o rtic a l layers III and 
V, the  layers o f o rig in  fo r  c o rt ic o -c o rtic a l pathways (Pearson e t al. 1985). 
The suggestion th a t the  neuropathological changes in  A .D . may propagate 
along c o rt ic o -c o rt ic a l association pathways is fu r th e r strengthened by the 
reported  induction  o f paired he lica l filam ents , s im ila r to  those which make 
up n e u ro fib r illa ry  tangles, in cu ltu red  human neurons incubated w ith  
g lu tam ate  (De Boni and Crapper-M cLachlan, 1985). In add ition , application 
o f N M D A to  the  c o rt ic a l surface in ra ts  produces re trog rade  degeneration 
o f cho line rg ic  neurons in the nucleus basalis (Sofroniew  & Pearson, 1985), 
ind ica ting  th a t c o rt ic a l e x c ito to x ic ity  can produce subcortica l changes 
ch a ra c te ris tic  o f A .D . Taken together, the above data fo rm  a strong case 
fo r the  invo lvem ent o f g lu tam aterg ic  dysfunction  in the  pathophysiology of 
A .D . However, an inev itab le  consequence o f any e x c ito to x ic  hypothesis is 
the loss o f g lu tam a te  receptors and g lu tam ate  te rm ina ls  as the postsynaptic 
cells and ce lls  o f o rig in  o f g lu tam aterg ic  pathways are destroyed. In this 
respect, the  evidence is less c lear cu t.
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In general, assessments o f postm ortem  g lu tam a te  re ce p to r densities in  A .D . 
have g iven c o n flic tin g  results. For the  m ost p a rt, these studies have 
concen tra ted  on the  hippocampal fo rm a tio n  where g lu tam ate  is im p lica ted  
as the  tra n s m itte r  o f entorh inal input fib res, in trah ippocam pal pathways and 
hippocam pal e ffe re n t pathways (Cotm an e t al. 1987). In th is  region, 
G reenam yre e t al. (1987) have reported  losses o f both  NM D A and quisqualate 
recepto rs  w h ile  Geddes and colleagues have found no change in these sites 
(Geddes e t al. 1986; Geddes e t al. 1987). Using the non-com petitive  
antagonist [3H ]-TC P  as a ligand, Maragos e t al. (1987b) found a d e f ic it  in 
hippocam pal b inding, whereas Monaghan e t al. (1987) and Simpson and 
colleagues (1988) reported no change. Some o f these contrad ic tions may be 
re la ted  to  m ethodolog ica l d iffe rences in b inding procedures (discussed in 
Bridges e t a l. 1988). However, the  status o f g lu tam a te  receptors in th is 
reg ion o f the  A .D . bra in is c lea rly  fa r fro m  ce rta in .
Less a tte n tio n  has been d irected tow ards the  in te g r ity  o f g lu tam ate  
recepto rs  in the  neocortex in A .D . and a lm ost a ll o f these studies have 
focused on the  NM D A receptor. Greenam yre e t al.(1984b) f ir s t  reported a 
loss o f " low  a f f in ity "  quisqualate sites in tem pora l co rtex  which they la te r 
in te rp re te d  as a loss o f NM DA receptors and supportive  o f e xc ito to x ic  ce ll 
loss in  th is  reg ion (Maragos e t al. 1987a). Subsequent investigations however, 
using both  [3H ]-g lu tam ate  and non-com petitive  antagonist ligands ([3H ]-TC P 
and [3H ]-M K-801) found no a lte ra tions in  the  N M D A  receptors in th is region 
(Cowburn e t al. 1988; Simpson e t al. 1988; M ouradian e t al. 1988).
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The Na+-dependent, h ig h -a ff in ity  uptake system  fo r  g lu tam ate  provides a 
sim p le  m arke r o f g lu tam a te rg ic  te rm ina ls  in  bra in. D-Aspartate is a 
substra te  fo r  th is  g lu tam ate  transpo rt system  (Balcar & Johnston, 1972) and 
has been employed extensive ly in uptake and release studies in re la tio n  to  
g lu ta m a te rg ic  pathways. [3H ]-D -Asparta te  has been proposed to  be a su itab le  
m a rke r fo r  g lu tam aterg ic  te rm ina ls  in  human postm ortem  bra in  (Cross e t al.
1986) and a number o f investiga tors have exam ined the binding o f th is  ligand 
in  A .D . b ra in . Using membrane preparations, reductions in [3H]-D-aspartate 
b inding  have been reported  in fro n ta l, p a r ie ta l and tem pora l co rtex  o f brains 
fro m  A lzh e im er subjects. (Palm er e t al. 1986; Cross e t al. 1987; Cowburn e t 
al. 1988) This suggests a loss o f g lu ta m a te rg ic  term ina ls in  those c o rtic a l 
regions o f the A .D . b ra in  m ost severely a ffec ted  neuropatholog ica lly. 
However, in  the absence o f defined postsynaptic g lu tam ate  recep to r 
a lte ra tio n s , th is presynaptic d e f ic it  m ay be in te rp re ted  as ind ica tive  o f 
e ith e r preceeding g lu tam a te rg ic  hype rfunction  or chronic g lu tam a te rg ic  
hypo function  in A .D .
A lthough  i t  seems lik e ly  th a t the  g lu tam a te rg ic  neurotransm ission is 
d isrupted to  some degree in  A .D ., the  question arises as to  the possible 
fu n c tio n a l s ign ificance  o f th is  a lte ra tio n  to  the c lin ica l symptoms o f the 
disease. In re la tion  to  th is , the p u ta tive  ro le  o f g lu tam ate in learning and 
m em ory processes is o f g reat s ign ificance . NM DA recepto r a c tiva tio n  has 
been shown to  be required fo r the  developm ent o f long-te rm  p o te n tia tio n  
(LTP) (an activ ity -dependent change in synaptic e fficacy), a model fo r 
learn ing  and m em ory storage in the  bra in  (C ollingridge e t al. 1983).
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Furtherm ore, NM D A recep to r antagonists im pa ir spa tia l d isc rim in a tio n  and 
learn ing in v ivo  (M orris e t al. 1986). The amnesic e ffe c ts  o f d issocia tive  
anaesthetics in humans is fu r th e r evidence fo r the invo lvem ent o f g lu tam ate  
in  m em ory function  as these compounds are non-com pe titive  N M D A  recep to r 
antagonists (Kemp e t al. 1987). G lu tam a te rg ic  dysfunction  in  the  cerebral 
co rtex  or hippocampus could thus fo rm  a neurochem ical basis fo r  the  learning 
and m em ory d e fic its  which are p rom inent in A .D . In add ition , any 
d isruption  (pre- or postsynaptic) o f g lu tam a te rg ic  association pathways may 
a ffe c t higher c o rtic a l processing and be responsible fo r  the  signs o f co rtic a l 
d isconnection (agnosia, aphasia) w hich are common in  A .D . (H uppert and 
Tym , 1986). In th is  respect, i t  is o f in te res t th a t cogn itive  te s t scores in 
A .D . patients have been reported  to  co rre la te  w ith  CSF g lu tam a te  levels 
(Sm ith e t al. 1985).
In summary, there  is a strong neuroanatom ical case fo r  the  invo lvem ent o f 
g lu tam aterg ic  neurotransm ission in  the pathogenesis o f A .D . In those 
anatom ical regions m ost severely a ffe c ted  pa tho log ica lly , the re  is good 
evidence fo r  a loss o f p resynaptic  g lu tam aterg ic  m arkers, however, the 
pathophysiological s ign ificance  and functiona l in te rp re ta tio n  o f such 
a lte ra tions is dependent on the  status o f postsynaptic g lu tam a te  receptors 
which has, to  date, rem ained undefined.
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6. AIMS OF H U M AN  POSTMORTEM STUDIES
The p rim a ry  a im  o f the  human postm ortem  studies presented in  th is  thesis 
was to  investiga te  the  in te g r ity  o f g lu tam aterg ic  transm ission in se lective  
regions o f the  A lzh e im e r bra in , using q ua n tita tive  recep to r autoradiography. 
By using ligands sp ec ific  fo r  the  high a ff in ity  Na+-dependent uptake s ite  and 
g lu tam ate  recep to r subtypes respective ly, i t  was hoped to  im age and quan tify  
both presynaptic g lu ta m a te rg ic  input and postsynaptic g lu tam a te  receptors 
in adjacent bra in  sections from  a ll regions o f in te res t. The use of 
autoradiography would a llow  quan tifica tio n  o f these param eters in single 
c o rtic a l layers and aid a func tiona l in te rp re ta tion  o f any re ce p to r a lterations 
in re la tio n  to  the  c irc u it ry  o f the regions examined.
A  cen tra l them e o f the  present postm ortem  studies was how any a lterations 
in g lu tam a te rg ic  s ites m ay re la te  to  the neuropathologica l se ve rity  o f the 
disease in any ana tom ica l locus. This question was addressed by quantify ing  
senile plaque numbers in  adjacent brain sections to  those used fo r  receptor 
autoradiography, thus a llow ing an in tim a te  comparison o f g lu tam aterg ic  
param eters and loca l neuropathology. The p u ta tive  invo lvem ent o f 
g lu tam a te rg ic  dysfunction  in re la tion  to  neuropatholog ica l changes was 
fu rth e r explored by exam ining three separate anatom ica l regions (fron ta l, 
tem pora l and ce rebe lla r cortex) in which g lu tam a te rg ic  transm ission was of 
equiva lent im portance  b u t in  which the ex ten t o f neuropatholog ica l changes 
in A .D . was d if fe re n tia l.
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7. THE R A T  VISUAL SYSTEM AS A  PO LYSYN APTIC  M ODEL
In the  CNS, "rece p to r p la s tic ity "  may be defined as the  a b ility  o f neurons to  
a lte r the  num ber and se ns itiv ity  o f n eu ro tra nsm itte r recepto rs in  response 
to  changes in  th e ir  functiona l input. As ou tlined  above, m u ltip le  
n eu ro tra nsm itte r receptors are a lte red  in  A .D . as a consequence o f 
dysfunction  in  a num ber o f neu ro transm itte r systems. This com plicates the 
analysis o f th is  re ce p to r p la s tic ity  as any re ce p to r response may be as a 
resu lt o f a p rim a ry  neuronal degeneration o r as a consequence o f a 
dysfunction  in  a separate but fun c tio na lly  re la ted  system . The ra t visual 
pathway provides a sim ple model system in w hich to  study recep to r behaviour 
as a consequence o f spec ific  neuronal degeneration. This polysynaptic 
neuronal pathw ay has the advantages o f being ana tom ica lly  w ell-defined, 
conta in ing  s ig n ifica n t quantities o f receptors fo r  a number o f neuro­
tra n sm itte rs  and being easily and com p le te ly  rep roduc ib ly  lesioned. In 
add ition, as m ost re tin a l ganglion ce lls in the  ra t  (97-98%) p ro jec t to  the 
co n tra la te ra l hemisphere (Je ffe ry , 1984), a u n ila te ra l lesion o f this pathway 
allows the  ip s ila te ra l hemisphere to  ac t as a re ference , against which, 
changes in  the  v isua lly -deprived  co n tra la te ra l hem isphere can be contrasted.
The m ain ana tom ica l components o f the ra t v isua l pathway are illus tra ted  
schem atica lly  in  F igure  1. I t  has been estim ated  th a t the  o p tic  nerve in the 
adu lt hooded ra t  contains 120,000 axons (Hughes, 1977). The superior 
co llicu lus  is the  m ain ta rg e t o f these axons, rece iv ing  65% o f re tin a l p ro jec t 
fib res (Toga and C o llins, 1981). This s tru c tu re  has a h o rizon ta lly  lam inated 
organisation, the  layers being: zonal; su pe rfic ia l gray; op tic ; in term edia te
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gray and w h ite , and deep gray and w h ite  (Paxinos and Watson, 1986). Only 
the  su pe rfic ia l layers are innervated by re tin a l axons w h ils t o the r sensory 
systems are represented in  deep layers (Stein, 1981). There are no d ire c t 
p ro jec tions to  visual co rtex  fro m  the  superior co llicu lus. However, ce lls in 
the  su pe rfic ia l layers o f the  superior co llicu lus do p ro je c t to  o the r 
subco rtica l visual s tructures inc lud ing  the  dorsal la te ra l gen icu la te  nucleus 
(Pasquier and V illa r, 1982), the  la te ra l poste rio r nucleus and p re te c ta l nucle i 
(Takahashi, 1985).
The dorsal la te ra l gen icu la te  nucleus is found in the dorso la tera l p a rt o f the 
thalam us and acts to  re lay  in fo rm a tio n  fro m  the re tina  to  visua l co rtex . 
I t  has been estim ated th a t the  dorsal la te ra l geniculate nucleus receives 15% 
o f re tin a l p ro jec tion  fib res  (Toga and Collins, 1981), corresponding to  
estim ates o f the number o f re la y  ce lls  in the nucleus (M a rtin  e t al. 1984). 
The p ro jec tion  to  layer IV o f p rim a ry  visual co rtex (area 17) constitu tes  the 
m a jo r output o f the dorsal la te ra l gen icu la te  nucleus (Peters and Feldman, 
1976), although tha la m o co rtica l axons also branch to  supply the re tic u la r 
th a la m ic  nucleus (Hale e t al. 1982). U n like  the superior co llicu lus , the 
dorsal la te ra l genicu la te  nucleus does not p ro jec t to  o ther subco rtica l visual 
s truc tu res , but does rece ive  a ffe re n ts  from  p re tec ta l nucle i (Pasquier and 
V illa r , 1982), and the superior co llicu lus  (Takahashi, 1985).
The p re tec tum  is found in the  m ost ro s tra l plane o f the m idbra in  bordering 
the  thalam us and is composed o f fo u r m a jo r nuclei: the nucleus o f the  o p tic  
t ra c t ;  the  o liva ry  p re te c ta l nucleus; the  an te rio r p re te c ta l nucleus and the
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poste rio r p re te c ta l nucleus (Scalia, 1972). A pp ro x im a te ly  13% o f re tin a l 
p ro jec tion  fib res te rm in a te  in  the  co n tra la te ra l p re tec tum  (Toga and Collins, 
1981), although the  a n te rio r p re te c ta l nucleus does n o t appear to  be 
re tin o re c ip ie n t (Sefton and D reher, 1985). P re te c ta l nuc le i p ro je c t to  the 
superior co llicu lus, dorsal la te ra l geniculate nucleus and the  la te ra l posterio r 
nucleus (Sefton and D reher, 1985; Mackay-Sim  e t al. 1983).
In contrast to  the  superior co llicu lus, dorsal la te ra l gen icu la te  nucleus and 
pre tectum , the  la te ra l pos te rio r nucleus receives only a m in im a l re tin a l input 
(Perry and Cowey, 1982). However, th is tha lam ic  nucleus, w h ich  lies medial 
and caudal to  the  dorsal la te ra l geniculate nucleus, rece ives a s ign ifican t 
p ro jec tion  fro m  the  superior co llicu lus (Takahashi, 1985) and in  tu rn  sends 
a ffe ren ts  to  area 17 o f v isua l co rtex  (Perry, 1980). A lthough  on ly the  dorsal 
la te ra l genicu la te  nucleus and la te ra l poste rio r nucleus p ro je c t d ire c tly  to 
visual co rtex, a ll o f the  above m entioned subcortica l v isua l structures 
rece ive  a ffe ren ts  fro m  p rim a ry  visual co rtex (Sefton and D reher, 1985).
Using both lig h t and e lec tron  m icroscopy, the neuronal com position  o f area 
17 o f ra t visual co rtex  has been described in some d e ta il by Peters and 
colleagues (Peters and Kara, 1985a and b; Peters and Kara, 1987). From 
these studies i t  has been estim ated th a t 85% o f neurons in  th is  area of 
co rtex  are pyram idal ce lls , th e ir  ce ll bodies occurring  th roughout layers II- 
VI. The vast m a jo r ity  o f tha lam ic  a ffe ren ts  to  visual co rtex , p rinc ipa lly  
from  the dorsal la te ra l gen icu la te  nucleus, te rm in a te  in  c o r t ic a l layer IV 
(Peters and Feldman, 1976). Most tha lam ic te rm ina ls  synapse w ith  the
30
d e n d ritic  spines o f apica l and basal dendrites o f pyram ida l ce lls  whose ce ll 
bodies are s itua ted  in  c o rtic a l layers III-V I, a lthough some synapse on 
sparsely spined s te lla te  ce lls and m u ltip o la r ce lls (Sefton and Dreher, 1985). 
P yram ida l ce lls  in  c o rtic a l layers V and VI are responsible fo r  pro jections 
to  subco rtica l v isua l s tructu res (O lavarria  and Van S luyters, 1982; Sefton e t 
al.1981), w h ils t those in  c o rtic a l layers I I / I I I  p a rtic ip a te  in  c o rtic o -c o rtic a l 
p ro jections (Cusick and Lund, 1981).
B iochem ica l, e lectrophys io log ica l and im m unological evidence ind icate  tha t 
g lu tam ate  is the  m a jo r e xc ita to ry  tra n s m itte r w ith in  th is  sensory system. 
The e x c ita to ry  postsynaptic potentia ls evoked by e le c tr ic a l s tim u la tion  o f the 
o p tic  t ra c t  have been shown to  be reve rs ib ly  in h ib ite d  by a g lutam ate 
recep to r antagonist (C rune lli e t al. 1987), w h ils t g lu tam a te  induced ionic 
currents have been dem onstrated in cu ltu red  neurons fro m  the superior 
co llicu lus  and visua l co rtex  (Grantyn e t al. 1987; H u e ttn e r and Baughman,
1988). A b la tio n  o f visual co rtex results in se lec tive  m arked reductions in 
L-g lutam ate and D-aspartate uptake in the superior co llicu lus , dorsal la te ra l 
gen icu la te  nucleus and la te ra l posterio r nucleus (Lund-Karlsen and Fonnum, 
1978; Fosse and Fonnum, 1987). In addition, la rge pyram ida l neurons in 
neocortex which are lik e ly  to  include c o rtic o -c o llic u la r  and co rtico - 
gen icu la te  ce lls, possess high im m unoreactiv ity  fo r  g lu tam a te  (O ttersen and 
S torm -M athisen, 1984). A l l  o f the above data ind icates th a t g lu tam ate is 
lik e ly  to  be the  tra n s m itte r employed in re tin o -fu g a l and co rtico -fuga l 
p ro jections and w ith in  visual cortex.
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In add ition  to  the  g lu tam aterg ic  system, a num ber o f o the r neu ro transm itte r 
systems are invo lved in visual processing. W ith in  visual co rtex, cells 
con ta in ing  the  y -am inobu ty ric  acid (G ABA)-synthesising enzyme g lu tam ic 
acid decarboxylase, are found in many types o f interneurons throughout the 
v isua l co rte x  (Houser e t al. 1984). G A B A erg ic  te rm ina ls  are found on the 
c e ll bodies, axon segments and dendrites o f both  pyram idal and non- 
pyram ida l neurons (Peters and Proskauer, 1980; Somogyi e t al. 1982) where 
they m ake sym m etric  in h ib ito ry  synapses. Fu rthe rm ore , the release o f 
GABA during inh ib ition  in visual co rtex  (Iversen e t al. 1971) and the 
production  o f a lte red  f ir in g  patterns in  v isua l c o rt ic a l ce lls consequent to  
adm in is tra tion  o f the  GABA antagonist b icucu lline  (Daniels and P ettig rew , 
1973), ind icates th a t GABA plays an im p o rta n t ro le  in  in fo rm a tion  processing 
w ith in  v isua l co rtex . In subcortica l visual s truc tu res , G ABAerg ic neurons 
are present in  both the superfic ia l layers o f the  superior co llicu lus and the 
dorsal la te ra l genicu la te  nucleus (M ize e t al. 1982; F itz p a tr ic k  e t al.1984) 
w h ils t G A B A erg ic  input to  the dorsal la te ra l gen icu la te  nucleus from  the 
re t ic u la r  tha la m ic  nucleus provides loca l in h ib ito ry  con tro l o f re lay neuron 
a c t iv ity  (Kayama, 1985). N oradrenergic and sero tonerg ic pro jections, from  
the  locus coeruleus and dorsal raphe nucleus, respective ly  fa c ilita te  and 
depress the  spontaneous or synap tica lly  evoked a c tiv ity  o f dorsal la te ra l 
gen icu la te  ce lls (Rogawski and Aghajanian, 1980). In contrast, superior 
c o llic u la r neurons are inh ib ited  by both noradrenerg ic and serotonergic input 
(Sato and Kayama, 1983; La i e t al. 1978). V isual co rtex  also receives an 
extensive m onoam inergic innervation (Parnavelas e t al. 1985) and a number 
o f studies suggest th a t noradrenaline is an im p o rta n t m odulator o f visual
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c o r t ic a l p la s tic ity  (Kasamatsu and P e ttig re w , 1979; Kasamatsu e t al. 1979; 
Bear and Singer 1986). F ina lly , v isua l centres such as the  superior 
co llicu lus , dorsal la te ra l gen icu la te  nucleus and visual co rtex  e xh ib it choline 
a ce ty ltra n s f erase and acety lcho linesterase a c tiv ity  (F ib iger, 1982). 
C ho line rg ic  innervation o f these areas orig ina tes in the  nucleus basalis and 
nucleus cuneform is (F ib iger, 1982; V incen t and Reiner, 1987), ac ting  to  
m odu la te  both gen icu lo -co rtica l a c t iv ity  and in tra c o rtic a l transm ission 
(Singer, 1977; Bear and Singer, 1986).
The [14C]-2-deoxyglucose technique (S oko lo ff e t al. 1977) provides a means 
o f measuring functiona l a lte ra tions in  the  visual pathway in response to  
lesions o f the  op tic  nerve. The conceptua l basis o f th is  approach derives 
fro m  th ree  features o f b ra in  b iochem istry . F irs t, the energy requirem ents 
o f ce rebra l tissue under norm al conditions are derived, a lm ost exclus ive ly, 
fro m  the  aerobic catabolism  o f glucose (Sokoloff e t al. 1977). Second, 
fun c tio na l a c tiv ity  w ith in  any reg ion  o f the cen tra l nervous system is 
in t im a te ly  and d ire c tly  re la ted  to  energy consumption w ith in  th a t region 
(M cC ulloch, 1982). Th ird , fu n c tio n -re la te d  energy requirem ents m ust be 
m e t fro m  the  oxidative  catabolism  o f glucose, continuously supplied by 
ce rebra l blood flow  because o f low levels o f carbohydrate stored in the CNS.
A lthough, in the s tr ic te s t sense, the  [14C]-2-deoxyglucose technique provides 
only a measure o f the ra te  a t which glucose is phosphorylated in any region 
o f the  bra in, almost 80% o f a ll energy generated is destined fo r  the 
m aintenance o f ion ic gradients (Astrup  e t al. 1981), p redom inantly  a t 
neuronal term ina ls (Schwartz e t al. 1979), thus a llow ing mapping o f
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a lte ra tions  in  neuronal a c t iv ity .  I t  is, however, im p o rta n t to  recognise th a t 
increases and decreases in  glucose use cannot be s im p ly  equated w ith  
neuronal e xc ita tio n  and in h ib itio n  respective ly . Indeed, the re  is no evidence 
to  suggest th a t the energy requirem ents o f synaptic in h ib itio n  should be 
d iss im ila r to  those associated w ith  synaptic exc ita tion .
The se n s itiv ity  o f the  [14C]-2-deoxyglucose technique is perhaps best 
exem p lified  in sim ple sensory s tim u la tion  and depriva tion  experim ents. 
A u d ito ry  s tim u la tion  or occlusion o f the externa l aud ito ry  canals is 
associated w ith  increases and decreases in glucose u tilis a tio n  th roughout the 
p rim a ry  aud ito ry  pathway (S okolo ff e t al. 1977), w h ils t d iscre te  areas o f 
enhanced glucose u tilis a tio n  can be dem onstrated in sp e c ific  areas o f the 
o lfa c to ry  bulb in response to  s tim u la tio n  w ith  d iffe re n t odours (Sharp e t al. 
1975). Previous investiga tions in  the visual system have shown th a t 
depriva tion  o f visual s t im u li resu lts in reductions o f glucose use, in 
neuroanatom ical components o f the  pathway, whereas s tim u la tio n  w ith  
d iffu se  lig h t results in  in te n s ity -re la te d  increments in th e ir  glucose use 
(Kennedy e t al. 1975; M cC u lloch  e t al. 1980; Toga and C o llins, 1981). I t  is 
thus apparent th a t glucose u tilis a tio n  w ith in  components o f w e ll defined 
fun c tiona l systems is re la ted  to  the  processing o f in fo rm a tio n  in  those 
systems. In v iew  o f th is , studies o f functiona l and recep to r a lte ra tions 
w ith in  the  sim ple c irc u it ry  o f the  p rim a ry  visual system provides a pow erfu l 
analogy fo r  the  m ore com plex c irc u itry  o f the CNS.
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8. AIMS OF VISUAL SYSTEM STUDIES
Studies in  the  ra t  v isual system  were p r im a rily  designed to  exam ine the 
p la s tic ity  o f CNS n eu ro transm itte r receptors w ith in  a po lysynap tic  system. 
Taking advantage o f the  a lm ost com plete cross-over o f re t in a l p ro jection  
fib res a t the  o p tic  chiasma, un ila te ra l lesions o f th is  system  have allowed 
comparisons o f re ce p to r responses in anatom ica l components o f the 
functiona lly -dep rived  v isua l pathway w ith  those in  the  co n tra la te ra l but 
fu n c tio n a lly - in ta c t system.
To date, studies o f post-denervation  regu la tion  o f g lu tam a te  receptors have 
been lim ite d  and have focused, fo r the m ost p a rt, on single p ro jection  
pathways (m ostly  c o rt ic o -s tr ia ta l) . The p rom inen t ro le  o f g lu tam aterg ic  
neurotransm ission th roughout the ra t visual system (re tin o -fu g a l, co rtico - 
fuga l and in tra c o r tic a l transm ission) has p e rm itted  post-les ion  studies o f 
g lu tam ate  receptors a t m u ltip le  synapses, under cond itions o f reduced 
g lu tam aterg ic  input. The p la s tic  capab ilities  o f g lu tam a te  recep to r sybtypes 
under these conditions m ay be re levan t to  the regu la tion  o f these sites in 
A .D .
In addition to  the  g lu tam a te rg ic  system, sero tonerg ic, noradrenergic, 
G ABAerg ic and cho line rg ic  pro jections are im p lica ted  in v isual processing.
By sim ultaneously exam ining spec ific  sero tonerg ic, noradrenergic, 
G ABAerg ic and cho line rg ic  receptors post-lesion, i t  was hoped to  gain some 
understanding o f the  im portance o f recep to r regu la tion  in  separate but 
func tiona lly  re la ted  systems.
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F in a lly , the  question o f the  relevance o f a lte ra tions  in  neu ro transm itte r 
recepto rs to  changes in  loca l cerebral func tion  was addressed by combining 
the  [u C ]-2-deoxyglucose technique, fo r  the  m easurem ent o f cerebra l glucose 
use, w ith  in  v it ro  recep to r autoradiography. The com bination  o f these 
techniques, fo r  the  f i r s t  tim e  fu lly  q u a n tita tive ly  in  the  same anim al, allowed 
sim ultaneous measurements o f cerebral fun c tio n  and re ce p to r dynamics w ith  
a high degree o f anatom ica l reso lution and p e rm itte d  an exp lo ra tion  o f the 
inter-dependence o f these param eters w ith in  the  same bra in.
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CHAPTER II
METHODS
1. AUTORADIOGRAPHIC TECHNIQUES
1.1 IN  VITRO LIG AND BINDING AU TO R AD IO G R APH Y
1.1.1 Theory
In v it ro  ligand binding autoradiography is based on the  p r in c ip le  th a t 
the  spatia l d is trib u tio n  o f rad io labe lled  substances w ith in  b io log ica l 
tissue can be detected by the  b lackening o f rad ia tion -sens itive  f i lm  
apposed to  the m a te ria l. The p a tte rn  o f o p tica l density in  resu lting  
autoradiograms is then q ua n tified  by comparison to  a ca lib ra ted  
rad ioactive  scale. Hence, the  use o f a rad io labe lled  ligand, h igh ly 
se lective  fo r a p a rtic u la r n eu ro tra nsm itte r recep to r, a llows high 
reso lu tion  anatom ica l m apping o f th is  s ite  in  CNS tissue. 
Autoradiographic ligand -recep to r b inding studies fo llo w  classical 
ligand-recep to r k ine tics :
describes a revers ib le  binding phenomenon where,
[L] concentra tion  o f fre e  ligand,
[R] concentra tion  o f unoccupied recep to r sites,
[LR] concentrations o f ligand-recep to r com plex and a, b and
a[L] + b[R ] c lL R ] (1)
K -!
c represent the  s to ich iom e try  o f the  reac tion . A t
e qu ilib rium :-
K +1 [L ]a [R ]b = K_t [LR ]c (2)
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The equ ilib rium  d issocia tion  binding constant (K D) is then defined:
KD = K_, = [Lla |R1* (3)
K +1 [LR ]C
L igand-recep to r in te rac tions  are also saturable, i.e . a f in ite  number 
o f recep to r s ites e x is t per u n it  mass o f tissue, designated Bmax:-
H U  = [LR ] + [R]
M u ltip ly in g  by [L ] and subs titu ting  equation (3) w ith  a = b = c  = 1 
y ie lds:-
[LR ] = B ^ J L I  (4)
[L ] + K d
I f  we define L R  as bound ligand = B, and L  as fre e  ligand = F
B - a.ax-JE 
F + K d
BF + B K „ = Bmax F
D iv id ing  by F  and tra n s fe rrin g  fie lds y ie lds:-
B = (5)
F K d
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The Scatchard equation (Scatchard, 1949). This equation allows the 
de te rm ina tion  o f bo th  the  equ ilib rium  b inding  constant (K D) and 
m axim um  num ber o f b inding sites ( B ^ )  i f  the  concentra tions o f ligand 
bound and fre e  a t equ ilib rium  are known.
1.1.2 P rac tice
F igure  2 illu s tra te s  the  general procedure fo r  q u a n tita tiv e  in v itro  
recep to r autoradiography. B rie fly , s lide-m ounted tissue sections are 
pre incubated in  an appropria te  b u ffe r in  o rder to  rem ove endogenous 
ligands w hich m ay in te rfe re  w ith  rad io labe lled  ligand-receptor 
in te rac tions. Tissue sections are then incubated w ith  the  radioligand 
in the  presence and absence o f a co m p e titive  d isp lacer in  order to  
determ ine sp e c ific  binding. Once the re ce p to r s ites are labelled, 
unbound ra d io a c tiv ity  is washed from  the sections which are then 
dried in  a stream  o f cold a ir. Labelled sections are f in a lly  apposed 
to  rad ia tion -sens itive  f i lm  which, a fte r the  appropria te  exposure tim e, 
is developed to  produce recep to r autoradiogram s. These film s  are 
then analysed q u a n tita tive ly  using com puter-assisted densitom etric  
analysis. The precise recep to r p rotoco ls em ployed in both visual 
system and human postm ortem  studies and the  published methods from  
w hich they are derived are lis ted  in the  fo llo w in g  tables.
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RECEPTOR AUTORADIOGRAPHY
TIS S U E  SECTIONS CUT ON 
CRYOSTAT MICROTOME
PREINCUBATION OF S L ID E - 
MOUNTED TISSU E SECTIONS
INC U BATIO N  OF TISSUE SECTIONS 
W ITH RADIO LIG AND ± COM PETITIVE D ISPLACER
WASH AND DRY TISSU E SECTIONS
A PP O S IT IO N  OF TISSUE SECTIONS 
TO R A D IA T IO N -S E N S IT IV E  F IL M
DEVELOP F IL M
Q U AN TITATIVE  ANALYSIS USING 
COMPUTER-AS S ISTED 
DENSITOMETRIC MEASUREMENT
FIGURE 2 GENERAL PROCEDURE FOR QUANTITATIVE IN VITRO 
RECEPTOR AUTORADIOGRAPHY
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1.1.3 K in e tic  Studies
From  the Scatchard equation defined in  section  1.1.1 (equation 5), we
can see th a t knowledge o f the concentra tion  o f a ligand bound and
free  a t equ ilib rium  w il l a llow  dete rm ina tion  o f bo th  the  equ ilib rium
binding constant (K D) and the m aximum num ber o f b inding  sites (Bmax)
fo r  th a t ligand. A  p lo t in which the o rd ina te  shows the moles o f
ligand bound d iv ided by the  concentra tion  o f fre e  ligand, B, and the
F
abscissa shows moles o f bound receptor, B, defines line  o f gradient 
equal to  -  i  and in te rcep t on the abscissa equal to  Bmax. In both
K d
visual system and human postm ortem  studies, de te rm ina tion  o f K D and 
Bmax values were made by applying Scatchard analysis to  auto­
rad iographic images. Scatchard plots were f i t te d  using a least squares 
linear regression program m e or a S tatgraphics program m e, IBM.
1.1.4 M ethodological Problems
A ll o f the ligand protoco ls employed in these studies were drived from  
w e ll established methods (Tables 1 and II) and, fo r  the  m ost part, 
provided re lia b le  means o f quan tify ing  the desired neu ro transm itte r 
recepto r. However, some ligand binding problems were encountered 
in re la tio n  to  the  binding o f exc ita to ry  amino acid recep to r sites. 
[3H ]-G lu tam ate  labels NMD A  receptors w ith  high a f f in ity  (O lverman 
e t al. 1984) and under the appropriate binding conditions provides a 
su itab le  ligand fo r  an autoradiographic assay. However, agonist 
a f f in ity  is associated w ith  rapid dissociation fro m  the  recep to r site ,
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necessitating rap id  postincubation  washing w ith  th is  ligand.
The discovery o f the  high a f f in ity  NM D A recep to r antagonist CPP (3- 
(2-carboxyp iperazin-4-y l)p ropyl-l-phosphon ic acid) and its  reported  
s u ita b ility  as a se lective , high a f f in ity  ligand fo r  N M D A  receptors in 
membrane preparations (M urphy e t al. 1987) prom pted investiga tion  
o f th is ligand as an a lte rn a tive  to  [3H ]-g lu tam ate  fo r  autoradiographic 
studies. However, using the  autoradiographic m ethod o f Jarvis e t al. 
(1987), the degree o f anatom ica l reso lu tion  obta ined w ith  [3H]-CPP 
was very much in fe r io r  to  th a t produced w ith  [3H ]-g lu tam a te . In 
addition, signal/noise ra tios  obtained w ith  [3H]-CPP, using L -g lu tam a te  
as a displacer, were ve ry  low  (~10%). For these reasons, [3H]-CPP 
was not su itab le  as an N M D A recep to r ligand in autoradiographic 
studies. C om para tive ly  low  signal/noise ra tio s  (excluding
hippocampus) were also a fea tu re  o f [3H]-M K-801 autoradiogram s, 
although average sp ec ific  binding levels o f ~30% were much higher 
than fo r [3H]-CPP, a llow ing  q u a n tifica tio n  o f [3H ]-M K-801 binding. 
The high lip o p h ilic ity  o f [3H ]-M K-801 (W oodruff e t al. 1988) may 
account fo r the  re la t iv e ly  high levels o f non-specific  b inding obtained 
w ith  this ligand.
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[3H ]-d-A sparta te  is a substra te  fo r  the  Na+-dependent, high a f f in ity  
g lu tam ate  uptake s ite  (Ba lcar and Johnson, 1972) and a number o f 
investiga tors have employed [3H ]-D-aspartate binding as a m arke r o f 
g lu tam a te rg ic  term ina ls (see C hapte r I). [3H ]-d-A sparta te  b inding in
postm ortem  human cerebra l and ce rebe lla r co rtex was o f a high 
degree o f anatom ical reso lu tion  (C hapter III, Section 1), a llow ing  
q u a n tifica tio n  o f binding w ith in  d is tin c t c o rt ic a l lam inae. However, 
[3H ]- D-aspartate binding in ra t  b ra in  was not as reproducib le  as in 
human. Subcortica l [3H ]-D-aspartate b inding was o f a smeared, patchy 
appearance, preventing accurate  de te rm ina tion  o f binding in d is tin c t 
anatom ica l regions. The reasons fo r  th is  binding a rte fa c t in ra t  but 
not human bra in is unclear. Possible explanations include a re la tiv e ly  
g rea te r suscep tib ility  o f Na+-dependent uptake sites in ra t  b ra in  to  
freezing, (studies in ra t b ra in  ind ica te  th a t freezing  results in a 50% 
decrease in D-asartate uptake compared to  fresh tissue (Hardy e t al. 
1987)), or an in fluence o f the  re la t iv e ly  h igher degree o f ce ll packing 
in  ra t  brain on the a ccess ib ility  o f presynaptic Na+-dependent 
g lu tam a te rg ic  binding sites.
Evidence from  m utan t m ice  and lesion studies ind icate  th a t adenosine 
A-, receptors may be located on the  term ina ls o f g lu tam a te rg ic  
neurons (Goodman e t al. 1983). [3H ]-C H A  (cyclohexyladenosine) is 
a se lective  adenosine A ■, recep to r ligand and provided an a lte rn a tive  
to  [3H]-D-aspartate as a presynaptic m arker o f re tin a l fib res in  the ra t 
visual system studies presented in  th is  thesis.
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!-2  [14C ]-2 -D E 0X Y G LU C 0S E  AU TO R AD IO G R APH Y
1.2.1 Theory
Under norm al physiological conditions the  energy requirem ents o f 
ce rebra l tissue are derived a lm ost exc lus ive ly  fro m  the aerobic 
ca tabolism  o f glucose (Sokoloff, 1981). As a lte ra tions o f cerebral 
fun c tio n  are in tim a te ly  associated w ith  a lte ra tions in cerebra l
m e tabo lic  ra te  (Sokoloff, 1981) m easurem ent o f loca l ra tes o f glucose 
phosphorylation provides d ire c t ins igh t in to  the  leve l o f loca l
fun c tio na l a c tiv ity .
2-Deoxyglucose, a s truc tu ra l analogue o f glucose, crosses the blood- 
b ra in  b a rrie r and is m etabolised through p a rt o f the pathway o f 
glucose m etabolism  at a definable  ra te  re la tiv e  to  th a t o f glucose 
(F igure 3). However, unlike glucose-6-phosphate, deoxyglucose-6- 
phosphate is not a substrate fo r  glucose-6-phosphate dehydrogenase 
and remains essentially "trapped" in cerebra l tissues. Thus, the 
q ua n tity  o f deoxyglucose-6-phosphate accum ulated in any cerebral 
tissue a t any given tim e  fo llow ing  the  in tro du c tio n  o f deoxyglucose- 
6-phosphate in to  the c ircu la tion , is equal to  the  ra te  o f deoxyglucose 
phosphorylation by hexokinase during th a t tim e . This is in tu rn  
re la ted  to  the amount o f glucose phosphorylated over the same tim e .
Using the  theo re tica l model in  F igure  3, these relationships can be 
m a the m a tica lly  defined in an opera tiona l equation which defines the 
ra tes o f cerebra l glucose u tilis a tio n  (Ri) in  term s o f the concentration
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PLASMA BRAIN TISSUE
[l^CJDeoxyglucose
(Cp*)
k l
Glucose
k2
(Cp)
Precursor Pool
k l '
:[ ^ CJDeoxyglucose
Glucose
(Ce )
BLOOD BRAIN 
BARRIER
I I
Metabolic Products
[ 14C]Deoxyglucose-6-Phosphate
(CM*)(Ce *)
TOTAL TISSUE 14c CONCENTRATION - Q *  = C e* + Cm  
k3
Glucose-6-Phosphate
(CM)
i
i
I
CO2  + H2O
FIGURE 3. The Theoretical model.
Cp* and Cp represent the concentrations of [14C]-2-deoxyglucose and glucose in 
arterial plasma, C ^* and C ^  represent their respective concentrations in the tissue 
precursor pool. C m * represents the concentration of [14C] deoxyglucose-6-phosphate in
the tissue. The total 14C concentration in a homogeneous tissue of the brain is represented 
by Cj*. The constants, k-| *> k2 * ’ and k3 *, represent the rate constants for 
carrier-mediated transport of [14C]-2-deoxyglucose and subsequent phosphorylation by 
hexokinase; k-j, k£ and k3  are the equivalent rate constants for glucose. The dashed arrow 
represents the possibility of glucose-6-phosphatase activity.
(Sokoloff et al, 1977.)
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o f [14C]-2-deoxyglucose and glucose in a rte r ia l plasma during the 
experim enta l period  (Cp* and Cp) and the concen tra tion  o f tra ce r 
found w ith in  cerebra l tissue (C i*) (Figure 4). In deriv ing  this 
equation, the  fo llow ing  assumptions are made:
(1) constant plasma glucose concen tra tion  and constant ra te
o f glucose consumption throughout the  period o f the 
procedure,
(2) homogenous tissue com partm ent w ith in  which the 
concentrations o f [14C]-2-deoxyglucose and glucose are 
un ifo rm  and exchange d ire c tly  w ith  plasma,
and,
(3) [14C]-2-deoxyglucose is present in  t ra c e r concentrations.
The ra te  constants, k-,*, k2* and k3* , which define  the  d is tr ib u tio n  o f 
tra ce r between plasma and bra in tissue com partm ents and the lumped 
constant, K , w hich ’’co rrec ts” fo r  the re la tiv e  pre fe rence  o f the 
glucose transpo rt and enzyme system fo r glucose as opposed to  2- 
deoxyglucose are no t measured in each experim ent. The constants 
used are those which have been determ ined in o the r groups o f animals 
as reported  by S oko lo ff and colleagues in the o rig ina l descrip tion  o f 
the technique (Sokoloff e t al. 1977). A lthough the lumped constant 
does not appear to  change s ig n ifican tly  over a w ide range o f 
physiological conditions (Sokoloff e t al. 1977), i t  is conceivable tha t 
the ra te  constants, k ^ ,  k2* and k3* may not be applicable in a ll
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FIGURE 4 The Operational Equation
Ci*(T) - kfe -Ck?+t?) T ficp e (£ + * &  dt 
K* [ £(Cp/Cp) dt - e -(k?+k*)T *g(Cp/Cp) e (k*+k!)t dt]
w here the  ra te  o f glucose consumption (Ri) is ca lcu la ted  in term s o f the  to ta l 
[14C] in  tissue a t the te rm ina tion  o f the  experim ent period (C i* (T)) and the 
concentra tions o f [14C]-2-deoxyglucose and glucose in  plasma (Cp* and CP
>}c $  $
respec tive ly ); k-, , k2 and k3 are the  ra te  constants fo r ca rrie r-m ed ia ted  
tra n sp o rt o f [14C]-2-deoxyglucose fro m  plasma to  tissue and fo r  phosphorylation 
by hexokinase respective ly. The lumped constant K, is composed o f the ra tio  o f 
the  d is tr ib u tio n  space fo r deoxyglucose in the  tissue re la tive  to  th a t o f glucose, 
a fa c to r  which corrects fo r the fra c tio n  o f glucose which, once phosphorylated, 
continues down the g lyco ly tic  pathway and the M ichaelis-M enten k in e tic  constants 
o f hexokinase fo r  deoxyglucose and glucose (Sokoloff e t al. 1977).
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1.2.2
physio log ica l states. However, p o te n tia l errors in ca lcu lations o f 
glucose u tilisa tio n  arising fro m  u n ce rta in ty  in  the values o f these 
constants are m inim ised in the  opera tiona l equation by a llow ing 
s u ff ic ie n t tim e  fo r the clearance o f [14C]-2-deoxyglucose from  plasma 
and the exponential term s conta in ing  the ra te  constants to  fa l l to  
levels too low to  influence the resu lt. A n  experim enta l tim e  course 
o f 45 m inutes lim its  the in fluence  o f exponentia l facto rs  in the 
opera tiona l equation w h ils t ensuring m in im a l loss o f [14C ]-2 - 
deoxyglucose 6-phosphate fro m  the  tissues due to  glucose-6- 
phosphatase a c tiv ity  (Sokoloff e t al. 1977).
P ra c tice
The design o f the experim enta l procedure fo r  the [14C]-2-deoxyglucose 
technique was based on the th e o re tica l considerations discussed above. 
Measurements o f local ce rebra l glucose use were perform ed on 
conscious ra ts prepared fo r  the  experim ent by the insertion  o f 
polyethelene catheters in the fem ora l vessels.
Each experim ent was in it ia te d  w ith  an intravenous infusion o f [14C ]- 
2-deoxyglucose (125jiC i/kg) in jec ted  a t a constant ra te  over 30 
seconds. A  to ta l o f 14 samples o f a rte r ia l blood (~75p.l/sample) were 
w ithd raw n from  the fem ora l cannula according to  a pre-determ ined 
schedule over the subsequent 45 m inutes. These samples were 
im m ed ia te ly  centrifuged to  separate the  plasma from  the ce ll fra c tio n
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and m in im ise  haemolysis. The concentra tions o f [14C]-2-deoxyglucose 
(Cp*) and glucose (Cp) were determ ined in  each a rte r ia l sample by 
using s c in tilla t io n  counting and a standard glucose enzyme assay 
(Beckman glucose analyser) respective ly . A f te r  45 m inutes the 
anim al was k ille d  by decapitation and the  bra in  was frozen and 
processed fo r  quan tita tive  autoradiography (3.4.2). Rates o f loca l 
ce rebra l glucose u tilisa tion  w ith in  ana tom ica lly  d iscre te  regions o f the 
b ra in  were ca lcu lated from  the loca l tissue concentrations o f [14C] 
(C i*) and the plasma [14C]-2-deoxyglucose (Cp*) and glucose (Cp) 
concentrations according to the opera tiona l equation (Figure 4).
1.3 COMBINED IN VITRO RECEPTOR AU TO R AD IO G R APH Y AND IN
VIVO [14Cl-2-DEOXYGLUCOSE AU TO R AD IO G R APH Y 
A n a p r io r i  requirem ent fo r the com bination  o f [14C]-2-deoxyglucose 
autoradiography and in v itro  recep to r autoradiography is the e lu tion  
o f [14C] fro m  slide-mounted tissue sections w hich may then be used 
in ligand binding studies. F igure 5A (overleaf) illu s tra tes  the e lu tion 
o f [14C] from  slide-mounted tissue sections taken fro m  a brain labelled 
w ith  [14C]-2-deoxyglucose. A f te r  washing, sections were wiped in to  
s c in tilla t io n  v ia ls using Whatman G B/F f i l t e r  papers and counted on 
a s c in tilla t io n  counter. D ivision o f resu lting  dpm /section values by 
2220 (dpm /nC i) and subsequent d iv is ion o f th is  ca lcu la ted  value by w et 
section  w e ight allowed determ ination  o f n C i/g  values. F igure 5B 
illu s tra te s  the  e ffe c t o f longer wash tim es on the  e lu tion  o f [14C] from  
slide-m ounted tissue sections. R ou tine ly , in combined
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autoradiographic studies, tissue sections rece ived  tw o 30-second 
washes in  an appropriate b u ffe r p rio r to  p re incubation  fo r  ligand 
binding autoradiography. Any sm all residual amounts o f [14C] which 
may have rem ained in tissue sections would have been accounted fo r 
in  the non-spec ific  signal determ ined in the  re ce p to r binding studies.
LEGEND TO FIGURE 5
The e lu tion  o f [14C] from  slide mounted tissue sections was determ ined 
in coronal sections taken fro m  a b ra in  labe lled  w ith  [14C ]-2- 
deoxyglucose.
F igure 5A  -  the  rap id  e lu tion  o f [14C] using wash tim es o f 2 - 12 
seconds.
F igure 5B - e lu tion  o f [14C] using increased num ber o f 30 second 
washes.
A f te r  washing, sections were wiped in to  s c in t illa t io n  via ls using 
Whatman G B /F  f i l te r  papers and the leve l o f ra d io a c tiv ity  determ ined 
using LSA. F or each wash tim e , the number o f n C i/g  was determ ined 
from  three  ind iv idua l sections and is presented as the  mean ± SEM.
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2. HUMAN POSTMORTEM STUDIES
2.1 C LIN IC A L INFORMATION
Both con tro l and A lzhe im er brains were obtained a t postm ortem  fro m  
loca l psych ia tric  and g e r ia tr ic  hospitals. As p a rt o f an ongoing 
longitud ina l study o f A lzh e im e r’s Disease, (A .D .), A .D . pa tien ts  were 
diagnosed antem ortem  according to  the  c r ite r ia  set out in  C AM D EX 
(Roth e t al. 1986). A ll A lzhe im er patien ts  used in these studies had 
subsequent postm ortem  neuropathological con firm a tion  o f the  c lin ic a l 
diagnosis o f A .D . (Khachaturian, 1985). A l l  con tro l pa tien ts  used had 
no known neurological or neuropsych ia tric  disorders. The re levan t 
b ra in  s ta tis tics  fo r both co n tro l and A lzhe im er p a tie n t groups are 
lis ted  in Table 3 (overleaf).
A t  autopsy, brains from  both co n tro l and A lzhe im er patien ts  were cu t 
in to  1cm th ick  coronal slabs and d iscre te  anatom ical regions o f 
in te res t were dissected out, frozen  in  isopentane (-40°C) and stored 
a t -80°C in preparation fo r  subsequent recep to r autoradiography. The 
recep to r studies described in th is  thesis focused on 3 bra in regions; 
m idd le  fro n ta l gyrus (Brodmann area 9), in fe r io r tem pora l gyrus 
(Brodmann area 20) and ce rebe lla r co rtex. A djacent undissected 
tissue was fixed in 10% fo rm a lin  and processed fo r senile plaque 
quan tifica tion . Only tissue fro m  the le f t  hemisphere was used in 
these studies.
2.2 BRAIN  DISSECTION
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TABLE 3 -  PATIENT STATISTICS
nnKPronT.
PM DELAY
CASE AGE HOURS SEX CAUSE OF DEATH MEDICATION
A 88 13.5 M Peritonitis -
B 80 23 F Bronchopneumoni a Thyroxine
C 88 11 F Bronchopneumonia Thyroxine
D 87 12 F Pulmonary
Thromboembolism
Temazepam
Diamorphine
E 76 17 M B ronchopneumon i a Metoclopramide
Diamorphine
F •86 19 F Sigmoid Carcinoma Diamorphine
Ampicillin
Mean Age = 84 ± 2 Mean PM. Delay = 15 ± 2
ST 7m?TMT?D
PM. DELAY 
HOURSCASE AGE SEX CAUSE OF DEATH MEDICATION
G 83 10 M Bronchopneumoni a Pethidine
H 89 9.5 M Intra-abdominal
Abscess
Mianserin
Metoclopramide
I 89 3.5 F Bronchopneumonia Temazepam
Diamorphine
J 85 3 F Bronchopneumonia Diamorphine
K 92 15 F Bronchopneumonia -
L 97 7 F Bronchopneumoni a -
Mean Age = 89 ± 2 Mean PM. Delay = 8 ± 2 (M = Male, F = Female)
Bra in  dissection was ca rried  ou t in a conta inm ent fa c i l i ty  and m a te ria l was only 
used a fte r  clearance fo r  hepa titis  B and C-J disease.
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2-3_________S E N IL E ___P L A Q U E  Q U A N T IF IC A T IO N  A N D  C H O L IN E
ACETYLTRANSFERASE (ChAT) A C TIV ITY
Senile plaque numbers were determ ined in  sections taken fro m  tissue 
blocks no m ore than 1cm caudal to  those used fo r  recep to r auto­
radiography. C ryos ta t-cu t sections (28pun th ick ) were stained w ith  
K in g ’s A m ylo id  and subsequent q ua n tifica tio n  o f senile plaques was 
perfo rm ed using a lig h t m icroscopic image analysis system  (Quantim et 
Q250, Cam bridge Instruments). In fro n ta l and tem pora l co rtex, mean 
senile plaque numbers were ca lcu lated fro m  6 ind iv idua l readings (3 
on g y ri, 3 on sulci) in both superfic ia l (c o rtic a l layers I-III) and deep 
(c o rtic a l layers IV-VI) co rtica l lam inae. S im ila r ly , in cerebellar 
co rtex , mean senile plaque numbers were ca lcu la ted  fro m  6 individual 
readings encompassing both m olecular and P urk in je /g ranu le  ce ll layers. 
Senile plaque quan tifica tion  was perfo rm ed independently by an 
inves tiga to r who had no knowledge o f the ligand binding studies. In 
both co n tro l and A lzheim er patients, ChAT a c tiv ity  was determ ined 
in fro n ta l and tem poral cortex using the m ethod o f Fonnum (1975).
2.4 IN  VITRO LIG AN D  BINDING AUTO RADIO G APHY
The recep to r protocols employed in these studies were outlined in 
section  1 o f th is  chapter. This section describes aspects o f the 
technique re levan t to  human brain investigations.
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2.4.1 Background
In human postm ortem  studies, the m a jo r advantages o f ligand binding 
autoradiography over homogenate binding techniques a re :-
(1) increased anatom ica l reso lu tion , p e rm itt in g  lig h t 
m icroscop ic exam ination o f n e u ro tra nsm itte r receptors 
in  single c o rtic a l layers 
and (2) the  a b ility  to  pe rfo rm  seria l ligand b inding studies in 
adjacent tissue sections, a llow ing  m eaningful 
comparisons o f neu ro transm itte r re ce p to r param eters 
(p re-/postsynaptic; recepto r subtypes) in  the  same brain 
region.
In addition, by quan tify ing  senile plaque numbers in  adjacent tissue 
blocks to  those used fo r  ligand binding studies, the  re la tionship  
between loca l neuropathology and n eu ro tra nsm itte r recepto r 
a ltera tions can be determ ined in the same region.
As applied to  human postm ortem  m a te ria l, a general possible 
lim ita tio n  o f the  technique is increased in te r- in d iv id u a l v a ria b ility  
re la ted  to  such fac to rs  as age o f pa tien t, drug tre a tm e n t h is to ry  and 
postm ortem  delay. This problem  was m in im ised in  the studies 
described in  th is  thesis by m atching con tro l and A .D . p a tie n t groups 
as closely as possible (Table 3). A  more spec ific  problem  in using 
recepto r autoradiography to  study postm ortem  m a te ria l from  A .D.
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2.4.2
patien ts re lates to  the possible a lte ra tions in g rey-w h ite  m a tte r  ra tios  
in  d iffe re n t brain regions due to  the  neurodegenerative process. I t  has 
been known fo r some tim e  th a t w h ite  m a tte r, because o f its  g reate r 
density causes a re la tiv e ly  g rea te r absorption o f t r it iu m -e m itte d  (3 
rays than grey m a tte r (Kuhar and Unnersta ll, 1985; Geary and 
Wooten, 1985) and th a t o p tica l density values fo r tr it iu m -la b e lle d  
ligands are consequently underestim ated (quenched) in regions o f high 
w h ite  m a tte r density. Hence any a lterations in g rey -w h ite  m a tte r 
ra tios  in A .D . may in fluence absolute quan tifica tion  o f ligand binding 
densities in A .D . tissue. The use o f iodonated ligands, whose higher 
energy emissions are not s ig n ifica n tly  a ltered by tissue com position, 
avoids the problem  o f w h ite  m a tte r auto-absorption. However, as 
e xc ita to ry  amino acid recep to r ligands are, as ye t, unavailable  in 
iodonated form , t r it iu m  signal quenching remains a possible 
com plica ting  fa c to r in the comparison o f these t r it ia te d  ligand binding 
densities in con tro l and A .D . tissue.
P ractice
Seria l sections from  each region o f in te rest were used fo r  the 
determ ination  o f [3H ]-D -asparta te , [3H ]-ka inate , [3H ]-a -am ino -3 - 
hydroxy-5-m ethylisoxazole-4-prop ionic acid ([3H]AM PA) and N M D A- 
sensitive [3H ]-g lu tam ate  binding in both A .D . and con tro l brains. As 
illu s tra te d  in F igure 6, by employing these se lective  ligands in 
adjacent brain sections i t  was possible to  image and qua n tify  both
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FIGURE 6 DIAGRAMMATIC REPRESENTATION OF GLUTAMATERGIC 
BINDING SITES
presynaptic  g lu tam aterg ic  input and postsynaptic g lu tam ate  receptors 
in  the  same bra in  region. The ligand binding protoco ls employed are 
ou tlined  in  section 1 o f th is chapter. F o r each ligand, contro l and 
A .D . sections were incubated and washed sim ultaneously. Sections 
were then placed in x-ray cassettes (1 A .D . and 1 con tro l case/x-ray 
f ilm )  w ith  t r i t iu m  microscales (Amersham) and apposed to  t r it iu m  
h y p e rfilm  (Amersham) fo r 4 -  6 weeks. R esu lting  autoradiograms 
were analysed as described in section 3 o f th is  chapter. Binding to  
d iscre te  c o rtic a l laminae was determ ined by comparison o f auto­
radiogram s to  adjacent cresyl v io le t stained sections. Mean optica l 
density measurements fo r each lam inae were ca lcu lated from  6 
ind iv idua l readings (3 on gyri, 3 on sulci) averaged over 3 sections. 
O p tica l density values were converted to  pmoles o f ligand bound/g 
tissue w ith  re ference to p reca libra ted t r it iu m  m icroscales and the 
sp ec ific  a c tiv it ie s  o f the ligands.
2.4.3 Analysis
S ta tis t ic a l d ifferences between con tro l and A D  cases were determ ined 
using an unpaired, tw o -ta iled  S tudent’s t- te s t.  L inear regression 
analysis was used to  determ ine the re la tionsh ip  between ligand binding 
and senile plaque data.
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3.3.1
VISUAL SYSTEM STUDIFS 
GENERAL
Studies in  the  ra t visual system u tilised  tw o  experim en ta l techniques; 
[14C]-2-deoxyglucose autoradiography and in  v it ro  ligand binding 
autoradiography. Anim al surgery employed in  these studies and 
experim enta l elements common to  both techniques are described in 
th is  section.
AN IM ALS
A ll experim ents were perform ed on male adu lt black-hooded ra ts o f 
the PVG stra in . Animals used weighed between 250g -  400g 
corresponding to  a post-weaning age o f 10 to  20 weeks. On de livery 
fro m  the  supplier (Harlan Olac), rats were allowed to  re -acc lim a tise  
fo r  a t least 2 days (3 nights) p rio r to  in it ia t io n  o f any experim enta l 
procedures in order to  avoid the poss ib ility  o f starvation-induced 
physiological changes. In holding, rats were exposed to  a natural 
day/n igh t cyc le  and room tem perature was m aintained at 
approxim ate ly 21 °C. Animals were fed ad lib itu m  u n t il the day o f the 
experim ent.
SURGICAL PREPARATION OF ANIMALS 
U n ila te ra l O rb ita l Enucleation
P rio r to  surgery, animals were placed in  a perspex box in to  which 
anaesthetic gss m ix tu re  was flow ing (70% n itrous oxide: 30% oxygen, 
conta in ing 5% halothane). During surgery (no m ore than 3 minutes)
anaesthesia was m aintained by means o f a face mask through which
61
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a 2/o halothane m ix tu re  was delivered. The surg ica l approach 
involved exposing the eyeball by re tra c tin g  the eye lid  muscles w ith  
a curved haemostat and clam ping the underly ing re tra c to r  ocu li 
muscle, enclosed blood vessels and op tic  nerve. W ith  curved scissors 
the eyeball was then removed by incision between the  pos te rio r globe 
w a ll and the haemostat. Haemorrhage from  the  severed a rte ry  and 
vein was prevented by sealing the vessels w ith  a b ipo la r coagulator.
Cannulation o f Fem oral Vessels
Anaesthesia was induced and m aintained as described in 3.3.1. The 
fem oral vessels were exposed by making sm all incisions (1cm or less) 
a t the groin in e ithe r side o f the animal. Both fem ora l a rte ries  and 
fem oral veins were freed from  connective tissue and polythene 
cannulae (Portex: externa l d iam eter 0.96mm; in te rn a l d iam eter 
0.58mm, 15cm long and f il le d  w ith  heparinised saline (10 I.U ./m l) were 
inserted a distance o f 2cm in to  both fem oral a rte ries and one fem oral 
vein. Having ve rif ie d  the patency o f the cannulae, each cannula was 
tied  in place and the wounds were sutured closed. Sites o f incision 
were smeared w ith  a local anaesthetic gel, covered w ith  gauze pads 
and the en tire  pe lv ic  area enveloped in a surgical stocking. A  p laster 
o f Paris bandage (Gypsona: 7.5cm wide) was applied around the lower 
abdomen, pelvis and hindquarters, im m obilis ing the rea r legs w ithou t 
im pa iring  norm al resp ira tion . The p laster cast and the  animal s 
hindlimbs were taped to  a lead support b rick  to  com p le te ly  im m obilise
the animal.
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3.4.1
Core tem perature was m on ito red  by a re c ta l probe and a pressure 
transducer (P23 ID  Gould S tratham ) attached to  a ch a rt reco rder 
(Gould Stratham , Model 2202) which was connected to  one o f the 
a rte r ia l fem oral catheters to  m on ito r blood pressure. Anaesthesia 
was then w ithdraw n and the anim al allowed to  recover fo r  a t least 2 
hours p rio r to  tra ce r adm in is tra tion .
EXPERIM ENTAL ANALYSIS 
L iqu id  S c in tilla tion  Analysis (LSA)
LSA was a necessary component o f both [14C]-2-deoxyglucose 
experim ents and ligand binding studies using tr it ia te d  ligands. Plasma 
samples containing [14C] or [3H] were p ipe tted  in to  1ml o f d is tille d  
w a te r in p lastic  s c in tilla tio n  v ia ls . 10ml o f a p rop rie ta ry  s c in tilla t io n  
co ck ta il (Ecoscint A, N ationa l D iagnostics) was added to  each counting 
v ia l and samples were counted fo r 4 m inutes in a re fr ig e ra te d  
s c in tilla tio n  counter. Counts per m inute were converted to 
d isin tegrations per m inute  using the externa l channels ra tio  m ethod 
(Peng, 1977) and a standard quench co rrec tion  ca lib ra tion  curve. For 
each [14C]-2-deoxyglucose experim ent the accuracy o f the 
computerised co rrec tion  was evaluated in 2 via ls subjected to  the 
in te rna l standard m ethod (Peng, 1977).
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3.4.2 Prepara tion  o f [ C]-2-Deoxyglucose Autoradiogram s
A t  the  end o f the sampling period fo r  the [14C]-2-deoxyglucose 
technique, animals were sacrificed  by decap ita tion . A  m id line  incision 
was made a t the level o f the snout and extended to  the level o f the 
fo re lim b . Skin and the underlying e x tracran ia l muscle were then 
re fle c te d  to  expose the skull. The dorsal cran ium  was removed, the 
underly ing  dura re flected , and the whole b ra in  removed in ta c t fro m  the 
sku ll. A l l  adhering bone fragm ents were removed and the bra in  was 
frozen  in  isopentane which had been precooled to  -42°C. T o ta l 
d issection and freezing tim e did not exceed 5 m inutes. The bra in  was 
m ounted to  a swivel-headed m icro tom e chuck w ith  a p las tic  embedding 
m a tr ix  (Lipshaw) over a bed o f solid C 0 2. Coronal bra in sections, 20pm 
th ic k , were cu t in a cryostat m aintained a t -22°C. For a ll studies, 
brains were cu t from  the level o f the in fe r io r c o llic u li to  the leve l o f 
the  dorsal thalamus. In combined [14C]-2-deoxyglucose and ligand 
b inding studies, 1 section in 7 was picked up onto a th in  glass coverslip 
and rap id ly  dried on a hot p la te  (60°C), w h ils t the in tervening 6 sections 
w ere picked up onto subbed glass slides and dried a t room tem perature  
in  p repara tion  fo r receptor autoradiography. The coverslips were glued 
onto th in  card and apposed to  x -ray  f i lm  (Kodak-GRL-A) in lig h t- t ig h t 
cassettes, together w ith  a set o f [14C ]-labe lled  epoxy resin standards (18- 
1880pC i/g  tissue equivalents). Autoradiogram s were obtained a fte r 14 
days exposure. F ilm s were processed using a standard Kodak autom atic  
processor.
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3.4.3
3.4.4
Prepara tion  o f Ligand Binding Autoradiogram s
A f te r  incubation  w ith  any radioligand, tissue sections were washed and 
dried, then securely mounted to  r ig id  cardboard. Under red safe light, 
sections were apposed to  tr it iu m -se n s itive  f i lm  (H ype rfilm  Bmax, 
Amersham) and locked in lig h t- t ig h t cassettes fo r  periods ranging from  
10 to  28 days. To enable quan tifica tio n  o f the resu lting  auto­
radiogram s, p reca libra ted t r it iu m  standards (Appendix 1) were co­
exposed w ith  each f ilm . A t  the end o f the exposure tim e , film s  were 
m anually developed in Kodak D-19 developer fo r  5 m inutes a t 17°C 
w ith  in te rm it te n t agita tion. Development was stopped w ith  a 30 second 
rinse in  deionised w ater a t 20°C. A f te r  f ix in g  fo r  10 m inutes a t 20°C 
(Kodak K odafix), film s  were washed fo r 40 m inutes in  running filte re d  
w a ter, rinsed in  deionised w ater and suspended in a dry ing  cabinet.
O u a n itif ica tio n  o f Autoradiograms
Analysis o f resu ltan t [14C]-2-deoxyglucose and ligand binding 
autoradiogram s was perform ed using a com puter-assisted image analysis 
system (Q uantim et 970, Cambridge Instrum ents). A l l  op tica l density 
measurements were carried  out under constant low  lig h ting  to  m inim ise 
the  co n tribu tio n  o f s tray ligh t. Illum ina tion  o f autoradiograms was 
provided by re fle c te d  w h ite  lig h t from  fo u r 24W lamps; the ligh t 
in ten s ity  being com puter-controlled.
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The image o f an autoradiogram  was captured by a Cholnicon video­
camera f it te d  w ith  a Tamron zoom lens (2.5x) and d ig itised  in to  an 
array o f image points (pixels) each w ith  a grey leve l value in the 
range 0 -  255, (grey leve l = 255 corresponds to  o p tica l density = 0; 
grey leve l = 1 corresponds to  optica l density = 2.41). In order to 
make reproducib le  measurements, the im age-analyser was ca lib ra ted  
to  establish ca lib ra tion  coe ffic ien ts  and the m axim um  op tica l density 
measurable. The scanner was f ir s t  set up in the autobrightness mode 
on a blank p a rt o f f i lm  g iving a w hite  level o f 1.0 (100% transmission). 
The output o f the video scanner at zero illu m in a tio n  (dark cu rren t 
grey level) was determ ined by in te rrup ting  the lig h t path  w ith  an 
opaque ob ject and measuring the mean grey leve l produced. F ina lly , 
the im age-analyser was ca lib ra ted against a Kodak neu tra l density 
f i l t e r  (O.D. = 1.0) to  convert the grey level values o f each p ixe l in to 
op tica l density values.
Having ca lib ra ted  the image analyser, the op tica l densities o f the 
images produced by precalibrated standards were measured, provid ing 
a ca lib ra tion  curve o f op tica l density versus isotope concentra tion  (14C 
or 3H) and a llow ing subsequent quan tifica tion  o f tissue isotope 
concentra tion  fo r  any area o f in terest. For each anatom ica l area o f 
in te rest, the image analyser calculated the mean o f th ree  in tegra ted 
op tica l density measurements (integrated op tica l density = sum o f a ll 
p o in t o p tica l densities w ith in  the measurement fram e). The size o f 
the measuring fram e was variable (9 -  900 p ixe ls /fram e) but was
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m ainta ined constant fo r each anatom ical region between animals. In 
visua l system studies, o p tica l density values fo r each area o f in te res t 
were calcu lated from  3 to  6 sections. S tructures were defined 
ana tom ica lly  w ith  re ference to  a s te reo tax ic  atlas (Paxinos and Watson, 
1986).
3.4.5 S ta tis tica l Analysis
Asym m etries in glucose u tilisa tio n  and ligand binding densities were 
determ ined using S tudent’s paired t- te s t. In view  o f the  large number 
o f in terhem ispheric comparisons made fo r each param eter, s ta tis t ic a l 
sign ificance was taken a t P<0.01. The s ta b ility  o f glucose u tilis a tio n  
and ligand binding in anatom ical stuctures o f the  v is u a lly - in ta c t 
hemipshere up to  20 days post-enucleation was assessed using the 
analysis o f variance (Scheffe, 1959) and the m u ltip le  comparisons method 
o f D unnett (1964). S ta tis tic a lly  s ign ifican t in trahem ispheric  va ria tion  
fo r  any measured param eters was atta ined a t P<0.01 fo r  the  appropria te 
degrees o f freedom between and w ith in  groups.
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4. MATERIALS
[U C]-2-deoxyglucose (50C i/m m ol), [3H ]-D -asparta te  (25C i/m m ol), [3H ]- 
g lu tam a te  (50-59Ci/m mol), [3H ]-qu inuc lid iny l benzila te  ([3H]-QNB) 
(44C i/m m ol), [3H ]-d ihydroalprenolo l ([3H ]-D H A) (75Ci/m m ol) and [3H ]- 
m uscim ol (21.2Ci/m mol) were a ll supplied by Amersham In te rna tiona l.
[3H ]-K a ina te  (58-60Ci/m m ol), [3H ]-a -3 -hydroxy-5-m ethy lisoxazo le-4- 
p rop ion ic  acid ([3H]-AM PA) (27.6 -  29.2C i/m m ol), [3H]-M K-801 
(15C i/m m ol), [3H ]-5 -hydroxytryptam ine  ([3H]-5HT) (20C i/m m ol) and 
[ H ]-ke tanserin  (6 IC i/m m o l) were obtained from  New England Nuclear. 
The Sigma Chemical Company supplied 5-hydroxytryp tam ine, y -  
am ino-bu ty ric  acid, atropine sulphate, propranolol hydrochloride, D - 
aspartate, kainate, quisqualate, N -m ethy l-D -asparta te  and 4-acetam ido- 
4 ’ -iso th iocyanostilbene-2,2,-d isu lfon ic  acid (S.I.T.S.). MK-801 m aleate 
and m ethysergide were k ind ly donated by M erck Sharpe and Dohme, and 
Sandoz Laboratories, respective ly.
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CHAPTER III 
RESULTS AND COMMENTARY
1. PRE- A N D  POSTSYNAPTIC EXC ITATO R Y A M IN O  A C ID  (E.A.A.) 
RECEPTOR BINDING SITES IN  HUM AN POSTMORTEM TISSUE.
E .A .A . RECEPTOR BINDING SITES IN CONTROL BRAINS.
[3H ]-d A sparta te  binding in sections o f tem pora l co rtex  was e n tire ly  
dependent on the presence o f sodium ions (F igure 7A). No s ign ifican t 
spec ific  b inding was detectable in the absence o f sodium. The mean 
EC50 fo r  sodium s tim u la tion  o f binding was 25mM. [3H]-D-aspartate 
binding (l-2000nM ) in the presence o f 300mM sodium chloride is 
illu s tra te d  in F igure 7B).
[3H ]-K a ina te  binding was saturable in the range l-65nM  (Figure 8A) 
w h ils t, in the presence o f lOOmM potassium th iocyanate , [3H ]-AM PA 
exhib ited  saturable binding in the range 10-1200nM (Figure 8B). 
T o ta l [3H ]-g lu tam ate  binding, in the absence o f quisqualate and 
S.I.T.S., is illu s tra ted  in Figure 8C in the range l-1500nM .
1.2 A N A TO M IC A L DISTRIBUTION OF E .A .A . RECEPTOR BINDING SITES
IN CONTROL BRAINS.
1.2.1 M iddle F ron ta l Gvrus and In fe r ior Temporal Gyrus
The general d is tribu tion  o f both presynaptic g lu tm a te  uptake site  
binding and postsynaptic g lutam ate recep to r binding was s im ila r in 
both fro n ta l and tem poral cortex. The m ost p rom inent feature o f
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FIGURE 7A
The sodium dependency o f [3H]-D-aspartate binding was determ ined in tem pora l 
co rte x  sections from  three  con tro l brains. [3H]-D-aspartate (500nM) binding was 
pe rfo rm ed  in the presence o f sodium ions (l-350m M ) added as the  ch lo ride  sa lt 
sections were then wiped in to  s c in tilla tio n  vials and the leve l o f ra d io a c tiv ity  
dete rm ined  using LSA. N on-specific  binding was determ ined in  the  presence of 
500y.M o-aspartate. Values are presented as the mean spec ific  binding levels 
ca lcu la ted  fro m  3 to ta l and 2 non-specific sections/sodium ion concen tra tion /b ra in .
F IGURE 7B
[3H ]-D -Aspartate binding (1 -  2000nM) was perform ed in the presence o f 300mM 
sodium ch loride  in tem pora l co rtex sections from  three con tro l brains. Radio­
a c t iv ity  levels were ca lcu la ted from  wiped sections using LSA. Values are 
presented as mean binding levels calculated from  9 to ta l and 6 non-specific  
sections fo r  each ligand concentration. Non-specific binding a t each con­
ce n tra tio n  was determ ined in the presence o f D-aspartate (1000 x in  excess o f 
ligand concentration).
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FIGURE 7 [3H]-D-ASPARTATE BINDING IN HUMAN 
POSTMORTEM TISSUE
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FIG URE 8
[3H ]-K a in a te  (l-65nM ) (A), [3H ]-AM PA (10-1200nM) (B) and [3H ]-g lu tam ate  (1- 
1500nM) (C) b inding were determ ined in sections o f tem pora l co rtex fro m  3 
c o n tro l bra ins. Values were presented as mean binding levels calculated fro m  9 
to ta l and 6 non-specific  sections fo r each ligand concentra tion . For each ligand, 
non -spec ific  b inding was determ ined in the presence o f kainate, quisqualate and 
L-g lu tam ate.
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FIGURE 8 [3H]-KAINATE, [3H]-AMPA AND [3H]-GLUTAMATE 
BINDING IN HUMAN POSTMORTEM TISSUE 
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[3H]-D-aspartate autoradiogram s was the presence o f tw o  bands of 
high o p tica l density corresponding to  c o r tic a l layers III and V/VI 
(F igure 9), ind ica tin g  a high density o f Na+- dependent g lu tam ate 
uptake sites in  these lam inae. [3H ]-K a ina te  autoradiogram s exhibited 
a b ilam ina r pa tte rn ; [3H ]-ka ina te  binding levels in  c o r tic a l layers V/VI 
being approx im a te ly  50% greate r than those in  c o rtic a l layers I-III 
(Figure 9). By way o f contrast, N M D A-sensitive  [3H ]-g lu tam ate  
binding levels in  c o rtic a l layers I- III  were approx im ate ly  20% greater 
than those in  c o rtic a l layers V /V I (Figure 9). S im ila r ly , [3H]-AM PA 
binding was concentra ted in co rtica l layers I/ I I ,  ind ica ting  a high 
density o f quisqualate receptors in  these lam inae (F igure 9).
1.2.2 C erebe llar C o rtex
[3H]-D-Aspartate binding in the granule ce ll laye r o f the cerebellar 
co rtex  was approxim ate ly  30% greater than th a t in the m olecular 
layer (F igure 10). S im ila rly , both [3H ]-ka ina te  and NM D A-sensitive 
[3H ]-g lu tam ate  autoradiograms were characterised by a high band of 
op tica l density corresponding to  the granule ce ll laye r (Figure 10). 
In con tras t to  the  d is tribu tion  o f these ligands, [3H ]-A M P A  binding in 
the m o lecu lar laye r was approxim ately fou r tim es g rea te r than tha t 
in the  granule c e ll layer (Figure 10). Thus i t  would appear tha t 
quisqualate receptors are concentrated in  the  m o lecu lar layer of 
cerebe lla r co rtex , w h ils t both NMDA and ka inate  recep to r sites are 
more numerous in  the granule ce ll layer.
14
UPTAKE SITES KAINATE
----------------------  Sft.
QUISQUALATE NMDA
GLUTAMATE UPTAKE SITES KAINATE RECEPTORS
A
layer III 
layers V/VI
QUISQUALATE RECEPTORS
layers I / l l  
layers V/VI
■ v  ■ • ■■ /  ■
4  X/  ■
■ . . .
w
•• • • -
layers V/VI
B
NMDA RECEPTORS
layers I/ll 
layers V/VI
D
-JV, ■
I . '  ■ 3
i ' . . • . - • ■ - • y
F IG U R E  9 G LU TAM ATERG IC  SITES IN  FR O N TAL CORTEX.
R epresentative  autoradiograms o f (A) g lu tam ate  uptake s ite  binding, (B) kainate 
recep to r binding, (C) quisqualate recepto r binding and (D) NM D A recepto r binding 
in  adjacent sections o f fro n ta l cortex.
For respective  non-specific  images see opposite page.
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UPTAKE SITES KAINATE
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F IG U R E  10  G LU TAM ATERG IC SITES IN  CEREBELLAR CORTEX
R epresentative  autoradiograms o f (A) g lu tam ate  uptake s ite  binding, (B) kainate 
re ce p to r binding, (C) quisqualate recepto r binding and (D) NM DA recep to r binding 
in  adjacent sections o f cerebe lla r cortex.
Fo r respective  non-specific  images see opposite page.
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l ' 3 E .A .A . RECEPTOR BINDING SITES IN CONTROL A N D  ALZHEIM ER
BRAINS
F u ll quan tita tive  analysis o f [3H]-D-aspartate, [3H ]-ka ina te , [3H ]-A M P A  
and N M D A-sensitive [3H ]-g lu tam ate  binding in con tro l and A .D . brains 
is presented in Appendix II.
1*3.1 E .A .A . Receptor B inding Sites in C ontro l and A .D . F ro n ta l C o rtex
In A .D . brains, there  was a m arked reduction in [3H]-D-aspartate 
binding throughout m idd le  fro n ta l gyrus compared to  contro ls  (Figure 
11C). The m agnitude o f th is a lte ra tion  was s im ila r in  every co rtic a l 
laminae. Comparison o f Figures 11A and B illu s tra tes  the  c lear 
d im inuation in the prom inence o f the lam inar p a tte rn  o f [3H ]-d- 
aspartate binding in  A .D . fro n ta l co rtex re la tive  to  con tro l.
In contrast to  the homogeneous loss o f presynaptic g lu tam a te rg ic  
binding, there were heterogeneous a lterations in  g lu tam ate  recepto r 
subtype binding in th is region o f the A .D . brain. [3H ]-K a ina te  binding 
in layers IV and V /VI o f fro n ta l co rtex from  A .D . pa tien ts  was 
s ig n ifican tly  g reate r (70%) than th a t in con tro l fro n ta l cortex, 
although [3H ]-ka inate  binding in co rtica l layers I- II I  was s im ila r in 
con tro l and A .D . brains (Figure 12C). The m agnitude o f the  increase 
in  [3H ]-ka inate  binding in  A .D . fro n ta l co rtex was such th a t every A .D . 
bra in could be read ily  distinguished from  contro ls on visual inspection 
o f the autoradiograms by the presence o f a band o f high optica l 
density in the deep c o rtic a l laminae (Figure 12B).
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F IG U R E  11  f^ l-a -A S P A R T A T E  BINDING IN  CONTROL AN D  A .D . FRO NTAL
CORTEX
In represen ta tive  autoradiograms, note the reduction in [3H]-D-aspartate binding 
throughout A .D . fro n ta l co rtex (B) in comparison to  con tro l fro n ta l co rtex  (A).
*P<0.05, **P<0.01.
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FIG U R E  12 f3H l-K A IN A T E  BINDING IN  CONTROL A N D  A .D . FRO NTAL 
CORTEX
In represen ta tive  autoradiograms, note the se lective  increase in op tica l density in 
the  deep layers o f A .D . fro n ta l co rtex (B) in comparison to  con tro l (A). **P<0.01.
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1.3.2
In contrast to [ H ]-ka inate  binding, [3H ]-AM PA binding rem ained 
unalte red in A .D. fro n ta l co rtex  (Figure 13A), w h ile  N M D A-sensitive  
I H ]-g lu tam ate  binding was s lig h tly  reduced (25%) only in c o rtic a l 
layers I-II o f A.D. fro n ta l co rtex  compared to  con tro l brains (F igure 
13B). This d ifference was s ig n ifican t a t the 5% level (P=0.05).
B inding Parameters and Pharm acological P ro file  o f f3H l-K a in a te  
B inding in Control and A .D . F ron ta l C ortex
F u ll autoradiographic sa tura tion  analysis o f [3H ]-ka inate  binding (2.5 - 
50nM) was only possible in one con tro l and two A .D. brains in which 
s u ff ic ie n t fron ta l cortex tissue remained. Using Scatchard analysis 
o f th is  data, calculated Bmax values in c o rtica l layers V /V I o f both A .D . 
brains (61 and 63 pmoles/g tissue) were substantia lly  g reate r than th a t 
in the contro l case (43 pmoles/g tissue), w hile  apparent K D values in 
these co rtica l layers were s im ila r in a ll three brains (19 and 21nM in 
A .D . brains, 16.5nM in contro l), (Figure 14A). Calculated Bmax and K D 
values in co rtica l layers I- III  were s im ila r in both the con tro l and A .D . 
brains (Figure 14B); Bmax values being 26 and 28 pmoles/g tissue in 
A .D . brains and 27pmoles/g tissue in contro l, and K D values being 18.5 
and 20nM in A.D. brains and 20nM in contro l.
Autoradiographic displacement analysis o f [ H ]-ka inate  binding was 
perform ed in the same brains using a range o f exc ita to ry  amino acid 
analogues. D isplacer potencies were s im ila r in both the con tro l and 
A .D . brains in both superfic ia l and deep co rtica l layers (Figures 15 and
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FIGURE 13 [3H]-AMPA AND NMDA-SENSITIVE [3H]-GLUTAMATE 
BINDING IN CONTROL AND AD FRONTAL CORTEX 
*p<0.05
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FIGURE 14.
Scatchard analysis o f [3H ]-ka inate binding (2.5 - 50nM) in  one con tro l and 
tw o  A lzhe im er brains in  (A) co rtica l layers IV -Y I and (B) c o r t ic a l layers I- 
III o f fro n ta l co rtex . Fo r both the con tro l and A lzh e im e r brains, ca lcu la tion  
o f ligand bound a t each concentration o f [3H ]-ka ina te  was determ ined from  
fou r to ta l and tw o non-specific  sections. C a lcu la ted  K d and Braax values 
were obta ined by linea r regress! : analysis.
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FIGURE 14 SCATCHARD ANALYSIS OF [3H]-KAINATE BINDING 
IN FRONTAL CORTEX
16); the order o f potency being domoate — kainate, >> quisqualate 
-  g lu tam ate, w h ile  AM P A  and N M D A produced neg lig ib le  inh ib ition . 
This pharm acological p ro file  o f [3H ]-ka inate  binding is consistent w ith  
resu lts using membrane preparations in both ra t (Foster and Fagg, 
1984) and human (Cowburn e t al. 1989) brain.
A lthough by no means conclusive, these satura tion  and displacem ent 
data ind icate  th a t the increase in  [3H ]-ka inate  binding in deep layers 
o f A .D . fro n ta l co rtex (a t a single ligand concentration) is lik e ly  to 
re f le c t an increase in ka inate  recepto r numbers ra th e r than an 
a lte ra tio n  in kainate recep to r a ff in ity  or recognition properties.
1.3.3 E .A .A . Receptor Binding and Local Neuropathology in A .D . F ron ta l
C ortex
In A .D . fro n ta l co rtex, senile plaque numbers (mean ± SEM) were 35 
± 6 per m m 2 in c o rtic a l layers I- I I I  and 21 ± 4 per m m 2 in  layers IV- 
VI. The number o f senile plaques did not exceed 2 per m m 2 in any 
con tro l subjects.
Using least squares linear regression analysis, [3H ]-ka inate  b inding was 
p os itive ly  corre la ted  w ith  senile plaque numbers in c o rtic a l layers IV 
(r=0.901) and V /V I (r=0.914) o f A .D . fro n ta l co rtex (F igure 17B). [3H ]- 
Kainate  binding and senile plaque numbers were, however, unre la ted 
(r=0.089) in  c o rtica l layers I- I I I  o f A .D . brains (Figure 17A). [3H]-d-
aspartate, [3H ]-A M P A  and N M D A-sensitive I3H l-g lu tam a te  binding
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FIGURES 15 AND 16. D isplacem ent o f [3H ]-ka inate  binding by 
domoate (10"5M - 10_11M), ka inate  (10~4 -  10-11M), g lu tam ate  (10"4M 
-  5xlO "10M) and quisqualate (10"4M - 10"10M) in supe rfic ia l layers 
(F igure 15) and deep layers (F igure 16) o f fro n ta l co rtex fro m  one 
co n tro l and two A lzheim er brains. In both the con tro l and A lzhe im er 
brains to ta l (100%) kainate bound was ca lcu la ted from  12 sections 
incubated w ith  50nM [3H ]-ka inate . For each concentra tion  o f 
d isplacer, the level o f kainate bound was ca lcu lated fro m  three  
sections incubated sim ultaneously w ith  50nM [3H ]-ka ina te  and 
disp lacer and subsequently converted to  a percentage o f to ta l (100%) 
ka inate  bound. AMPA and NM D A produced neglig ib le in h ib ition  o f 
[3H ]-ka ina te  binding up to  a concentra tion  o f Im M .
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FIGURE 15 DISPLACEMENT ANALYSIS OF [3H]-KAINATE BINDING 
IN SUPERFICIAL LAYERS OF FRONTAL CORTEX
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FIGURE 16 DISPLACEMENT ANALYSIS OF [3H]-KAINATE BINDING 
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FIGURE 17
C o rre la tio n  o f ka ina te  re ce p to r b ind ing  and senile  p laque numbers in  c o r t ic a l 
layers I and II and V -V I o f A .D . fro n ta l co rte x . K a ina te  re ce p to r b ind ing  and 
sen ile  p laque numbers w ere  q u a n tifie d  as described in  C hap te r II. The 
c o rre la tio n  was s ig n if ic a n t (p<0.02) in  deep layers (r=0.914) b u t n o t in  
s u p e rfic ia l layers (r=0.089)
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FIGURE 17 RELATIONSHIP BETWEEN [3H]-KAINATE BINDING 
AND SENILE PLAQUE NUMBERS IN SUPERFICIAL 
AND DEEP LAYERS OF AD FRONTAL CORTEX
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were unrelated to  senile plaque numbers in e ither supe rfic ia l or deep 
layers o f A .D . fro n ta l co rtex  (Appendix II).
1-3*4 E .A .A . Receptor B inding Sites in C on tro l and A .D. Tem poral C ortex
In A .D . brains, there  was no s ig n ifican t a lte ra tion  in [3H-]-D-aspartate 
binding throughout in fe r io r tem pora l gyrus compared to  contro ls 
(F igure 18A). S im ila rly , [3H ]-ka ina te , [3H ]-AM PA and N M D A-sensitive  
[3H ]-g lu tam ate  binding were unaltered in any co rtica l laye r in  th is 
region o f the A .D . b ra in  (Figures 18B and 19).
1.3.5 E .A .A . Receptor Binding and Local Neuropathology in A .D . Tem poral 
C ortex
In A .D . tem pora l cortex, senile plaque numbers (mean ± SEM) were 
29 ± 8 per mm2 in c o rtic a l layers I- III  and 19 ± 4 per m m 2 in  layers 
IV -V I. The number o f senile plaques did not exceed 2 per m m 2 in  any 
con tro l subjects.
[3H ]-d- Aspartate, [3H ]-ka inate , [3H ]-AM PA and N M D A-sensitive [3H j- 
g lu tam ate  binding were unrela ted to  senile plaque numbers in e ithe r 
supe rfic ia l or deep layers o f co rtex  (Appendix II).
1.3.6 E .A .A . Recentor Binding and ChAT A c t iv ity  in A .D . Cerebral C ortex  
Mean ChAT a c tiv ity  in  A .D . fro n ta l and tem poral co rtex  (2.03 ± 0.3 
and 1.6 ±0.4 nmoles/mg p ro te in /h r) was s ign ifican tly  less (p<0.05,t- 
test) than th a t in con tro l brains 5.28 ± 0.8 and 3.3 ± 0.1 nmoles/m g
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FIGURE 18
[ H ] -d- A s p a rta te  b ind ing (A) and [ H ]-ka in a te  b ind ing  (B) in  c o n tro l (□ )  and 
A .D . (■ ) tem po ra l co rtex . D ata  are means ± SEM, n=5 and n=6 fo r  c o n tro l 
and A .D . groups resp ec tive ly .
FIGURE 18 [3H]-D-ASPARTATE AND [3H]-KAINATE b in d in g
IN CONTROL AND AD TEMPORAL CORTEX
GLUTAMATE UPTAKE SITES
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FIGURE 19
[3H ]-A M P A  (A) and N M D A -sens itive  [3H ]-g lu ta m a te  b ind ing  (B) in  c o n tro l (□ ) 
and A .D . ( ■ )  tem po ra l co rte x . D a ta  are means ± SEM, n=5 and n=6 fo r  
c o n tro l and A .D . groups re sp ec tive ly .
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FIGURE 19 [3H]-AMPA AND NMDA-SENSITIVE [3H]-GLUTAMATE
BINDING IN CONTROL AND AD TEMPORAL CORTEX
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1.3.8
p ro te in /h r in  fro n ta l and tem poral co rtex  respective ly). There were, 
however, no s ta tis t ic a lly  s ign ifican t co rre la tions  between E.A.A . 
ligand binding levels and ChAT a c tiv ity  in e ith e r fro n ta l or tem poral 
co rtex  in  A .D . brains (Appendix II).
E .A .A . R eceptor Binding Sites in C ontro l and A .D . C erebe llar Cortex 
In A .D . brains, there  was no s ign ifican t a lte ra tio n  in [3H]-D-aspartate, 
[3H ]-ka ina te , or NM DA-sensitive [3H ]~glutam ate binding in e ithe r the 
m o lecu la r or granule ce ll layers o f ce rebe lla r co rtex  compared to 
contro ls  (F igure 20). There was, however, a s ig n ifica n t reduction  in 
[3H ]-A M P A  binding in the m olecular layer o f ce rebe lla r co rtex  from  
A .D . subjects (Figure 21C), although [3H ]-A M P A  binding in the granule 
ce ll laye r was s im ila r in both contro l and A .D . brains. The magnitude 
o f the  reduction  in [3H ]-AM PA binding in th is  region o f the A .D . brain 
is ev ident fro m  comparison o f Figures 21A and B. The obvious 
b ilam ina r p a tte rn  o f [3H ]-AM PA binding in the ce rebe lla r co rtex  from  
a con tro l subject (Figure 21 A) contrasts m arked ly w ith  the 
homogeneous d is tribu tion  o f [3H ]-AM PA binding in  th is  region in the 
A .D . bra in  (Figure 21B).
B inding Param eters fo r f3H l-AM PA Binding in C on tro l and A.D. 
C erebe llar C ortex
F u ll autoradiographic analysis o f [3H ]-A M P A  binding (25-800nM) was 
perform ed in cerebellar sections from  fiv e  co n tro l and f iv e  A.D. 
brains. In cerebe lla r m olecular layer, ca lcu la ted  Bmax values in A.D.
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LEGEND TO FIGURE
FIGURE 20
[3H ]-d- A sp a rta te  (A), [3H ]-ka in a te  (B) and N M D A -sens itive  [3H ]-g lu ta m a te  
b ind ing  in  co n tro l (ED and A .D . m ce rebe lla r co rtex . D a ta  are means ± SEM, 
n=6 fo r  each group.
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F IGURE 20 GLUTAMATERGIC SITES IN CONTROL AND AD 
CEREBELLUM
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FIG U R E  21 [3H ]-AM PA BINDING TN CONTROL AN D  A .D . CEREBELLAR 
CORTEX
In represen ta tive  autoradiograms, note the s trik in g  loss o f op tica l density in the 
m o lecu la r layer o f A .D . cerebe lla r co rtex  (B) in comparison to  con tro l (A).
B
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brains (167 ± 13 pmoles/g tissue) were s ig n ifican tly  low er than those 
in  con tro l brains (280 ±34 pmoles/g tissue) w h ils t K D values were 
s im ila r in both contro l and A .D . brains (417 ± 53 nM and 450 ± 50nM). 
®max and K d values fo r [3H ]-A M P A  binding in granule ce ll laye r o f 
A .D . brains were not s ig n ifica n tly  d iffe re n t from  con tro l; Bmax , 95 
± 1 1  and 79 ± 8 pmoles/g tissue and K D, 400 ± 41nM and 367 ± 57nM 
in con tro l and A .D. brains respective ly. Figure 22 illu s tra te s  the 
Scatchard analysis o f [3H ]-A M P A  binding in a typ ica l co n tro l and 
A lzhe im er brain.
1.3.9 E .A .A . Receptor Binding and Local Neuropathology in A .D . C erebe llar 
C ortex
In contrast to the high numbers o f senile plaques found in fro n ta l and 
tem pora l cortex, senile plaques were absent in cerebellar co rtex  in  a ll 
bu t two A .D. brains. In these cases, plaque counts were 10 and 3 
plaques per mm2. No senile plaques were present in any con tro l 
brains.
1.3.10 C ortico -C erebe lla r Ligand Binding and Neuropathology
W ith in  A .D . brains, [3H]-D-aspartate binding in both su pe rfic ia l and 
deep layers o f fro n ta l co rtex corre la ted negatively, bu t not 
s ig n ifican tly  w ith  [3H ]-A M P A  binding in the m olecular layer o f the 
cerebellum : r=0.733, P<0.1; and r=0.679, P<0.2 fo r supe rfic ia l and 
deep layers respective ly. [3H ]-K a inate  binding in fro n ta l co rtex  was 
unrelated to  [3H ]-AM PA binding levels in cerebellar m o lecu lar layer
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LEGEND TO FIGURE
FIGURE 22. Scatchard analysis o f [3H -AM PA binding in (A) 
m o lecu la r layer and (B) granule ce ll layer o f cerebellar co rtex  from  
a ty p ic a l contro l and A lzhe im er brain. For both the con tro l and 
A lzh e im er brain, ca lcu lation o f AM PA bound a t each concentra tion  
o f [3H ]-A M P A  was determined fro m  fou r to ta l and two non-specific  
sections. Calculated Kd and Bmax values were obtained by linear 
regression and analysis.
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FIG URE 22 SCATCHARD ANALYSIS OF [3h]-AMPA BINDING 97 
IN CEREBELLAR CORTEX
(r=0.202 fo r supe rfic ia l layers and r=0.109 fo r  deep c o rtic a l layers) as 
was N M D A-sensitive  [3H ]-g lu tam ate  binding (r=0 and r=0.054 fo r 
supe rfic ia l and deep c o rtica l layers).
Senile plaque numbers in both fro n ta l and tem pora l co rtex  were 
unre la ted to  [3H ]-A M P A  binding in the cerebellum .
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1.4 COMMENTARY: DISCUSSION OF E .A .A . RECEPTOR BINDING IN
ALZH EIM ER’S DISEASE POSTMORTEM TISSUE 
A lzhe im er’s disease (A.D.) is characterised neuropatho log ica lly  by- 
neuronal ce ll loss, the presence o f higher than norm al densities o f 
senile plaques and the development o f n e u ro fib r illa ry  tangles in 
neocortica l and a rch ico rtica l regions (Perry, 1986; T e rry  e t al. 1981 
and M ountjoy e t al. 1983). G lutam ate is p u ta tive ly  the m ajor 
e xc ita to ry  tra n sm itte r o f co rtica l pyram idal neurons (Fonnum, 1984; 
Lund-Karlsen and Fonnum, 1978; Baughman and G ilb e rt, 1981; C onti 
e t al. 1987), which m ediate co rtic o -c o rtic a l and co rtico -fu g a l 
neurotransmission (Jones, 1981). A  loss o f c o rtic a l pyram ida l cells 
in higher order polymodal association areas, such as the  fro n ta l and 
tem poral lobes, is a prom inent fea tu re  o f A lzhe im er s pathology (Terry 
e t al. 1981; M ountjoy e t al. 1983; Pearson e t al. 1985) and has been 
shown to be d ire c tly  re la ted  to  the level o f cogn itive  decline in 
A lzheim er patients (Neary e t al. 1986). C o rtica l g lu tam a te rg ic  
dysfunction may thus be a con tribu to ry  fa c to r in  the patho­
physiological progression o f the disease. The present study represents 
a comprehensive postm ortem  exam ination o f m u ltip le  elements o f 
g lu tam aterg ic transm ission in three regions o f the A lzhe im er brain, 
fro n ta l and tem porary co rtex , where neuropathological a lte ra tions and 
pyram idal ce ll loss are prom inent; and cerebe lla r co rtex , an area 
exh ib iting  m in im al neuropathological change.
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F ron ta l Cortex. The high density o f [3H]-D-aspartate binding in 
c o rtic a l layers III and V in both fro n ta l and tem pora l co rtex  supports 
the  concept o f e xc ita to ry  amino acid-m ediated in tra c o rtic a l 
transm ission in these c o rtic a l regions as co rtic o -c o rtic a l fib res are 
believed to  te rm ina te  in these lam inae (Jones, 1981). However, 
although Na+-dependent high a ff in ity  g lu tam ate uptake sites are 
present on g lu tam aterg ic te rm ina ls , g lia l cells also possess high 
a f f in ity  g lutam ate re-uptake mechanisms (H ertz, 1979) and 
consequently i t  should be borne in m ind th a t a proportion  o f Na+- 
dependent [3H]-D-aspartate binding is lik e ly  to  be non-neuronal.
The marked reduction in [3H]-D-aspartate binding throughout fro n ta l 
co rtex  from  A .D. subjects indicates a s ign ifican t loss o r de­
sensitisation o f Na+-dependent g lu tam ate  up-take sites in th is  region. 
Previous reports using homogenate preparations o f fro n ta l co rtex  have 
ind icated tha t [3H]-D-aspartate binding was reduced by 37% (Cross e t 
al. 1987) and 30% (Simpson e t al. 1988) o f contro l values, w h ile  the 
m axim al ve loc ity  o f the synaptosomal uptake o f [ H]-D-aspartate 
binding in A .D . fro n ta l co rtex  was only 35% o f contro l levels (Hardy 
e t al. 1987). In view  o f the prom inent loss o f co rtica l pyram idal cells 
in  A .D ., i t  is like ly  th a t a ll o f the above data indicates a loss o f 
g lu tam aterg ic  co rtic o -c o rtic a l innervation in A .D . fro n ta l co rtex .
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I t  has been suggested tha t degenerating c o rtic a l g lu ta m a te rg ic  fib re s  
co n tribu te  to  the form ation  o f plaque neu rite s  within the  cerebra l 
c o rte x  (Perry, 1986). D espite the o ve ra ll (50%) re d uction  In 
asparta te  binding in the present study th e re  was no co rre la tio n  w ith  
senile  plaque numbers in  any c o rtic a l la ye r. H ow ever, in  v iew  o f the  
probable ce iling  e ffe c ts  in. re la tio n  to  pres3Taa.pt.ic g lu ta m a te rg ic  loss 
a t end-stage o f the disease and th e  co n trib u tio n  o f  o th e r neuro- 
tra n s m itte r systems to senile plaque fo rm a tio n , th is  fin d in g  m ay no t 
be unexpected.
L igand binding studies o f g lu tam ate  recep to rs  in  A .D ,, to  date, have 
concentrated, on NMD A  receptors w ith  m in im a l exam ination o f 
quisqualate or ka inate receptors. In  th is  respect, the  m ost s trik in g  
find ing  o f the  present study has been, th e  substan tia l increase in  
ka inate  recepto r b inding in  deep layers o f fro n ta l co rte x  In A lzh e im er 
pa tien ts . A utoradiographic sa tu ra tio n  and d isp lacem ent analysis 
ind icates th a t the increase in  ka ina te  re ce p to r b ind ing re fle c ts  an 
increase in  kainate recep to r num bers, ra th e r than a change in  recep to r 
recogn ition  p roperties.
A n  increase in  kainate recepto r num bers in  A .D . contrasts w ith  'the 
g rea t m a jo rity  o f reports in  w hich reductions o f  many neuro- 
tra nsm itte rs  and th e ir receptors inc lud ing  g lu tam ate, have been 
described (Coyle e t al.l_983; Reynolds e t a l. 1984; Beal e t al. 1985; 
Chu e t al. 1987; Greenamvre e t al. 1987; Maragos e t al. 1987b). A
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ra re  exception, however, reports an expansion o f the  ka inate  receptor 
f ie ld  in  the  dentate  gyrus o f the hippocampus in A .D . pa tien ts  (Geddes 
e t al. 1985). Using quan tita tive  recep to r autoradiography, Geddes 
and colleagues id e n tified  th a t kainate receptors, which usually occupy 
only the inner one-th ird  o f the m olecular laye r in the  dentate gyrus 
o f con tro l patien ts, had expanded to  cover the inner one-ha lf o f the 
layer in A .D . patients. Furtherm ore, a s im ila r expansion in this 
po rtion  o f the m olecular layer was observed in  ra ts  which had 
rece ived lesions o f the entorhinal co rtex, e ffe c t iv e ly  rem oving the 
p e rfo ran t path input in to  the outer tw o -th ird s  o f the  dentate 
m o lecu lar laye r (Geddes e t al. 1985). On the basis o f these 
experim ents, the authors concluded th a t the  expansion o f the kainate 
recep to r f ie ld  in the dentate gyrus o f A .D . pa tien ts re flec ted  
compensatory sprouting o f both commissural and associational fibres 
in to  th a t space vacated as a consequence o f reduced pe rfo ran t path 
input fro m  the entorh inal cortex. This im p o rta n t study indicates 
th a t, even in the A .D . brain, neurons are capable o f p la s tic ity  and 
g row th  reactions to  reduced exc ita to ry  input. The poss ib ility  tha t 
increased ka inate  receptor binding in c o rt ic a l layers IV-V I o f fron ta l 
co rtex  in  A .D . brains also re fle c ts  regenera tive  changes in response 
to  a loss o f in tra c o rtic a l g lu tam aterg ic  fib res remains to  be 
investigated.
The loss o f a presynaptic g lu tam aterg ic  m arke r ([3H]-D-aspartate) 
toge ther w ith  an increase in  the postsynaptic ka inate  recepto r may,
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at a s im p lis tic  level, be considered as evidence fo r  denervation 
supersensitiv ity  in A .D . fro n ta l cortex. Such a response is not 
unprecedented in human neurodegenerative disorders, as increased 
numbers o f neuro transm itte r receptors have been reported, fo r 
example, in both Parkinsons’s disease (Guttm an and Seeman, 1985) and 
H unting ton ’s Chorea (T r if i le t t i  e t al. 1987). However, in  the present 
study, the lam inar spec ific  increase in ka inate recepto rs contrasts 
w ith  the widespread loss o f presynaptic g lu tam aterg ic  te rm ina ls  from  
a ll co rtica l layers. The neuroanatom ical basis fo r  the  lam inar 
sp e c ific ity  o f the kainate receptor response is unclear. One 
poss ib ility  is th a t kainate receptor up-regu la tion  in response to 
denervation only occurs in those co rtica l layers in  which kainate 
receptors are physio log ica lly im portant in m ed ia ting  fa s t e xc ita to ry  
transmission, i.e. deep co rtica l layers. The high density o f kainate 
receptors in  deep layers o f human fron ta l co rtex  m ay be in te rp re ted  
as evidence fo r  th e ir re la tiv e ly  greater im portance in  these laminae. 
I f  g lu tam aterg ic  denervation is the sole stim ulus fo r  ka inate  recepto r 
up-regulation, however, we may have expected a d ire c t co rre la tion  o f 
presynaptic d e f ic it  ([3H ]-d- aspartate) and postsynaptic response ([3H ]- 
kainate) in deep layers o f fro n ta l cortex from  A lzh e im er patients, 
which was not the  case (r=0.439). Again, a possible explanation fo r 
the lack o f co rre la tion  may be ce iling  e ffe c ts  in  re la tio n  to 
presynaptic g lu tam aterg ic  d e fic it.
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W hile [3H ]-kainate binding in deep layers o f A .D . fro n ta l co rtex  was 
unrelated to [ H]-D-aspartate binding, th is response was d ire c tly  
re la ted  to senile plaque numbers in both c o rtica l layers IV (r=0.901) 
and V /VI (r=0.914). [3H ]-K a ina te  binding in superfic ia l c o r t ic a l layers, 
which was unaltered in comparison to  con tro l brains, was unrela ted 
to  senile plaque numbers (r=0.089). This suggests th a t the  increase 
in  kainate receptors in c o rtic a l layers IV-VI o f A .D . fro n ta l co rtex  is 
in tim a te ly  associated w ith  the leve l o f local neuropathology in  these 
laminae. I t  is notew orthy th a t in these same patien ts [3H ]-ka ina te  
binding in deep layers o f fro n ta l co rtex was unrelated to  senile plaque 
numbers quantified in the opposite hemisphere (r=0.148). Comparison 
o f neuropathological and neurochem ical measurements determ ined in 
opposite hemispheres has been a common experim enta l procedure in 
studies o f A .D . to  date (e.g. Cross e t al. 1988; Shimohama e t al.
1988), the im p lic it  assumption being in terhem ispheric plaque 
sym m etry. The lack o f in terhem ispheric co rre la tion  between [3H ]- 
kainate binding and senile plaque numbers in the present study 
h ighlights the im portance o f experim enta l design in studies o f A .D . 
Indeed, recent investigations from  this labora tory ind ica te  tha t 
hemispheric asymmetry o f plaque numbers in fro n ta l co rtex  in  A .D . 
may be more than exceptional (Dewar e t al. unpublished observations).
The d is tribu tion  o f senile plaques in  A .D . cerebral co rtex  appears to  
have an anatom ical basis, possibly associated w ith  zones o f association
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f ib re  te rm ina tion  (Pearson e t al. 1985). In addition, the density o f 
senile  plaques in certa in  areas o f the neocortex, including fro n ta l 
co rtex , corre lates w ith  the degree o f ce llu la r degeneration in the 
re la ted  parts o f the cholinerg ic basal nucleus (Arendt e t al. 1985). 
Thus the degree of kainate recep to r up-regula tion in A .D . fro n ta l 
co rte x  may re fle c t the level o f in tra c o rtic a l dysfunction which in tu rn  
re la tes to  the degree o f cho linerg ic  subcortica l degeneration. The 
a b ility  o f e xc ita to ry  amino acid-induced neu ro tox ic ity  in the cerebral 
co rtex  o f rats to produce re trograde degeneration o f cho linerg ic 
neurons in the nucleus basalis (Sofroniew and Pearson, 1985), fu r th e r 
suggests tha t the prim ary "in su lt" in A .D . is co rtica l.
In addition to  the te rm ina tion  o f c o rtic o -c o rtic a l fibres in co rtic a l 
laye r V (Jones, 1981), pyram idal cells in co rtica l layers V /V I rece ive 
in te rlam in a r exc ita to ry  amino acid connections from  co rtica l layers 
II, III and IV (Baughman and G ilbe rt, 1981; Kisvarday e t al. 1989). 
These neurons are in turn  the source o f co rtica l e ffe re n t pro jections 
to  the caudate putamen, thalamus and brainstem  (Jones, 1981). 
Preservation o f exc ita to ry  input to  deep layers o f A .D . fro n ta l co rtex 
v ia  kainate receptor up-regulation may, a t a m echanistic level, act 
to  m a in ta in  co rtico -fuga l in fo rm ation  processing, in the presence o f 
in tra c o rtic a l exc ita to ry  dysfunction. An a lte rna tive , non-functional, 
in te rp re ta tion  o f the co rre la tion  o f ka inate recepto r binding and senile 
plaque numbers stems from  the observation tha t the density o f 
m uscarin ic receptors in the neuropil o f the senile plaque is comparable
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to  th a t in the  surrounding neuropil (Palacios, 1982). I f  th is were true  
fo r  ka inate  receptors, the association o f ka inate  recepto r binding and 
senile  plaque density may sim ply re f le c t an increasing accum ulation 
o f receptors as senile plaque numbers increase. This explanation 
seems, however, untenable as w ith in  the same area o f fro n ta l cortex 
(fro m  the same A lzheim er patients) senile plaque density was greatest 
in  ou te r c o rtic a l layers (35 ± 6 per m m 2 in layers I—III; 21 ± 4 per 
m m  in layers IV-VI) ye t kainate recep to r binding was unaltered in 
these lam inae in comparison to contro l subjects. In addition, kainate 
recep to r binding was unaltered in the deep layers o f tem pora l cortex 
fro m  the same A lzheim er patients, despite the  presence o f a 
com parable number of senile plaques to  th a t in fro n ta l co rtex (21 ± 
4 in  fro n ta l cortex; 19 ± 4 in tem pora l cortex).
The NM D A receptor has been the most extensive ly studied glutam ate 
recep to r in A .D . However, despite the a v a ila b ility  o f ligands fo r the 
N M D A recepto r and its re lated ion channel, no consistent a lterations 
o f th is  recepto r complex have emerged in A .D . brain, even in the 
hippocampus which has been the subject o f the m a jo rity  o f studies. 
In th is  region, reductions in NM DA recep to r binding, using [3H ]- 
g lu tam ate  and the non-com petitive antagonist, [ H ]-TCP, as ligands, 
have been reported by Greenamyre e t al. (1987) and Maragos e t al. 
(1987b) respective ly. However, Geddes and colleagues (1986) found 
no consistent change in hippocampal N M D A-sensitive  [ H ]-g lu tam ate 
b inding in  the A .D. brain and [3H]-TCP binding in th is  region was also
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found to  be unaltered in two independent investiga tions (Monaghan et 
al. 1987; Simpson e t al. 1988). The d iffe rences in  these studies may 
re la te  to  the severity  o f A lzhe im er cases studied and/or experim ental 
protocols employed. The o rig ina l study by Greenam yre e t al. (1987) 
can ce rta in ly  be c ritic ised  on m ethodological grounds as these 
investigators defined NMDA receptors in term s o f chloride-dependent, 
quisqualate-insensitive [3H ]-g lu tam ate  binding. However, a large 
p roportion  (50%) o f [3H ]-g lu tam ate  binding under these conditions is 
also insensitive to  NMDA (Bridges e t al. 1988), and probably re fle c ts  
binding to  chloride-dependent g lutam ate uptake sites present on glia 
(Bridges e t al. 1987). A  po in t o f more general in te res t re la tes to the 
in fluence o f the degree o f m orphological change in A lzhe im er 
patients on ligand binding results. Thus, w h ile  the average density of 
NM DA receptors in the hippocampus o f A .D . brains was no d iffe re n t 
to  th a t in age-matched controls, NMDA recep to r b inding was markedly 
reduced in one A .D . case in which neuronal ce ll loss was p a rticu la rly  
severe (Geddes e t al. 1986). This indicates th a t NM D A receptor 
density in A .D . hippocampus can be m ainta ined a t norm al levels as 
long as a m in im a l level o f ce ll survival is m ainta ined. The existence 
o f such "threshold" phenomena in the A .D . b ra in  suggests tha t 
recepto r p la s tic ity  may be im portant in sustaining functiona l a c tiv ity , 
even a t la te r stages o f the disease process.
The sm all reduction  in NM DA receptor b inding in  the oute r layers of 
A .D . fro n ta l co rtex, in the present study, is consistent w ith  the
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reported loss o f non-com petitive  NMDA recepto r antagonist binding 
in  th is region (Simpson e t al. 1988). This may be in te rp re ted  as a loss 
o f postsynaptic receptors on degenerating ce lls rece iv ing  a 
g lu tam aterg ic  input, provid ing some evidence fo r the  invo lvem ent o f 
exc ito to x ic  mechanisms in co rtica l damage. I f  such mechanisms are 
re levan t in the outer layers o f A .D . fro n ta l co rtex , however, the 
s ta b ility  o f both quisqualate and kainate recepto r b inding in  these 
laminae in the same patients must ind icate a d if fe re n tia l d is tribu tion  
o f NM DA and non-NM DA receptors on postsynaptic membranes. This 
seems an un like ly  possib ility , as NMDA receptor a c tiva tio n  requires 
p rio r membrane depolarisation in itia te d  by quisqualate and/or kainate 
receptors (Cotman e t al. 1987). The functiona l im portance o f th is 
sm all NMDA recepto r loss is, thus, unclear but may be gauged in 
re la tion  to the large a lterations in both presynaptic g lu tam aterg ic  
sites and kainate receptors in the same region. In te res ting  recent 
results, however, ind icate  th a t although both the agonist s ite  and 
ca tion  channel o f the NM DA receptor complex are not s ig n ifica n tly  
a ltered in A .D . cerebral cortex, th e ir coupling to  the  glycine 
regula to ry s ite  is se lec tive ly  im paired in fro n ta l co rtex  (P roc te r e t al.
1989). In v ivo  inh ib ition  o f fa c ilita to ry  NM DA recep to r regula tion  
may act to  d im inish the e ffica cy  o f NMDA recepto r func tion  in A .D . 
fro n ta l cortex. The poss ib ility  th a t this represents an in tr in s ic  neuro- 
p ro tec tive  mechanism m erits  fu rthe r investigation.
Although the quisqualate recepto r, like  the kainate recep to r, is 
involved in fast e xc ita to ry  postsynaptic transm ission (M acD erm ott and 
Dale, 1987), quisqualate recep to r binding in A .D . fro n ta l co rtex , as 
assessed by [3H]-AM PA, did not d if fe r  fro m  con tro l values. The 
absence o f changes in quisqualate receptors in A .D . fro n ta l co rtex  
contrasts w ith  the reported marked reduction  (50%) o f these sites, as 
labelled w ith  [3H ]-g lu tam ate in A .D . hippocampus (Greenamyre e t al. 
1987). On the other hand, using [3H ]-A M P A  as a recepto r ligand, no 
s ig n ifican t d ifferences in quisqualate receptors were found in the 
hippocampal region o f brains (Geddes e t al. 1987) except in one A .D . 
case which exhibited severe ce ll loss. These results, again, underline 
the  im portance o f m ethodological and m orphological influences on 
ligand binding studies in A .D .
Tem poral C ortex. In the same A .D . brains in which fro n ta l co rtex  was 
examined, there were no s ig n ifican t a lterations in [3H]-D-aspartate, 
[3H ]-ka inate, [3H l-AM PA or NM D A-sensitive [3H ]-g lu tam ate  binding 
in tem poral cortex in comparison to  con tro l subjects. The lack o f 
a lte ra tio n  in [3H]-D-aspartate binding in the tem pora l co rtex  is 
somewhat surprising in v iew  o f previous homogenate binding results 
which have indicated d e fic its  in tem pora l co rtex o f between 40-60% 
in comparison to contro l values (P rocter e t al. 1986; Palm er e t al. 
1986; Cowburn e t al. 1988). However, in contrast to  the  present 
autoradiographic study which concentrated on in fe r io r tem pora l gyrus, 
a ll o f these investigations re lied  on "pooled" tissue from  the tem pora l
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lobe, suggesting tha t the d iffe r in g  results m ay have a neuroanatom ical 
basis.
Previous studies o f g lutam ate receptors in A .D . tem pora l co rtex have 
focused, almost en tire ly , on the NM DA recepto r. Greenamyre e t al. 
(1984b) found a 57% decrease in low  a f f in ity  quisqualate-sensitive 
[3H ]-g lu tam ate  binding in the m ost su pe rfic ia l layers o f tem pora l 
co rte x  from  A.D . patients compared to  contro ls. However, although 
these authors equate these sites to  the NM D A receptor, fo r reasons 
outlined  above, i t  is like ly  th a t a large p roportion  o f these binding 
sites are non-receptor sites. Subsequent investigations using both 
[3H ]-g lu tam ate  and [3H]-MK-801 (Cowburn e t al. 1988; Mouradian e t 
al. 1988), and the results o f the present autoradiographic study, a ll 
ind ica te  s ta b ility  o f NMDA receptors in A .D . tem pora l cortex.
The s ta b ility  o f g lu tam aterg ic param eters in tem poral but not fro n ta l 
co rtex  does not appear to  be re la ted  to  the level o f local neuro­
pathology. Q uantifica tion  o f senile plaques in adjacent tissue 
sections to  those used fo r recepto r autoradiography revealed tha t both 
tem pora l and fron ta l co rtex possessed s im ila r numbers o f these 
lesions. Simpson and colleagues (1988) have proposed th a t d ifferences 
in  ligand binding results between the fro n ta l and tem poral cortices in 
the  A .D . bra in  may be explained in term s o f tissue atrophy. These 
investiga tors iden tified  a reduction  in  NM DA receptor binding in 
fro n ta l bu t not tem poral co rtex  fro m  A .D . patients, and suggested
th a t N M D A recepto r loss in the tem pora l co rtex  was "masked" by 
g rea te r tissue shrinkage in this region than in  fro n ta l co rtex  (Hubbard 
and Anderson, 1981). The appropriateness o f such an explanation is 
unclear as the authors do not ind icate w hether allowance fo r reduced 
cerebra l c o rtic a l tissue in the A .D. bra in  would have a ltered the ir 
resu lts. Nevertheless, a "collapse" o f c o rt ic a l grey m a tte r due to 
pyram ida l ce ll loss (Pearson et al. 1985; Rogers and Morrison, 1985) 
would ac t to  concentrate glutam ate recep to r sites in tem pora l cortex 
and may provide an explanation fo r th e ir  s ta b il ity  in th is region. 
Fu ture  investigations which allow simultaneous assessment o f neuronal 
numbers and g lutam ate recognition sites are obviously desirable.
C erebe lla r C o rtex . The present study represents the f irs t  
simultaneous quan tita tive  autoradiographic study o f Na+-dependent 
g lu tam ate  uptake sites and g lu tam ate receptors in  the human 
cerebellum  and the f irs t  system atic investiga tion  o f these sites in 
A .D .
In con tras t to  the cerebral cortex, the ce rebe lla r co rtex  possesses a 
re la tiv e ly  simple lam inar cy to a rch itec tu re  and a neuronal c irc u itry  
which is w e ll defined anatom ically and phys io log ica lly  (Figure 23). 
W ith in  th is  system i t  has been proposed th a t e xc ita to ry  amino acids 
are the  transm itte rs  o f the a ffe ren t c lim b ing  fib res  (Wiklund e t al. 
1982; Foster and Roberts, 1983) mossy fib res  (Freeman e t al. 1983; 
B e itz  e t al. 1986) and in trins ic  para lle l fib res (Hudson e t al. 1976;
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Sandoval and Cotman, 1978). The high concentration o f [3H ]-A M P A  
binding in the m olecular layer o f the human cerebellum  suggests th a t 
quisqualate receptors are p rin c ip a lly  located on the dendrites o f 
P urkin je  cells where they probably m ediate the para lle l fib re -P u rk in je  
ce ll synapse (Olson e t al. 1987). The high densities o f both [3H ]- 
ka inate and NM D A-sensitive [3H ]-g lu tam ate  binding in  the granule ce ll 
layer indicates th a t kainate and NM DA receptors are associated w ith  
granule cells and perhaps Golgi and Basket cells. This general 
d is tribu tion  o f g lu tam ate recepto r subtypes in the human cerebe lla r 
co rtex  is consistent w ith  results from  both ra t (Greenamyre e t al. 
1985) and mouse bra in (Olson e t al. 1987).
Senile plaques and n eu ro fib rilla ry  tanges, the cha rac te ris tic  
neuropathological lesions in A .D ., are found in g reat numbers in 
ce rta in  areas o f the neocortex and hippocampus but ra re ly  in 
cerebellar co rtex (Tomlinson and Corselis, 1984). Consequently, 
neurochemical investigations in the A .D . brain have focused on those 
areas most severely a ffec ted  neuropathologically, such as the 
hippocampus, w ith  m in im al exam ination o f the cerebellar hemisphere. 
However, perhaps the m ost s trik in g  resu lt from  the  present 
investigations has been the substantia l loss o f quisqualate receptors 
from  the m olecular layer o f cerebellar co rtex in A .D . brains in 
comparison to  con tro l subjects. Concom itant assessment o f Na - 
dependent g lu tam ate uptake sites and NMDA and ka inate receptors 
in the same patients ind icated no change in these param eters in  e ithe r
m olecu lar or granule ce ll layer. The loss o f g lu tam ate receptors in 
A .D . cerebellum is thus se lective  fo r  the quisqualate subtype and 
occurs in the absence o f a loss o f g lu tam aterg ic  term inals.
Long-te rm  m od ification  o f transm ission e ffica cy  at synapses is 
proposed to  be the ce llu la r basis o f m em ory and learning, and in th is 
respect, the NMDA receptor has rece ived much a tten tion  because o f 
its  ro le  in the induction o f long-te rm  po ten tia tion  (LTP) a t cen tra l 
synapses (see Collingridge and Bliss, 1987). However, w ith in  the 
cerebellum  i t  would appear th a t quisqualate receptors, and not NM DA 
receptors, are spec ifica lly  involved in a fo rm  o f cerebe lla r synaptic 
p la s tic ity , long-term  depression (LTD) (Ito  e t al. 1982). When the dual 
inputs to  the cerebellar Purkin je  cells from  para lle l fib res and 
c lim b ing  fibres (Figure 23) are con junctive ly  activated, para lle l f ib re - 
Purkin je  ce ll transmission undergoes LTD. This a lte ra tion  in synaptic 
e ffic a c y  is re la ted to a desensitisation o f quisqualate receptors on 
P urkin je  ce ll dendrites and may play a ro le  in the m otor learning 
processes o f the cerebellum (Kano and Kato, 1987). A  loss o f 
quisqualate receptors a t th is synapse in  the A .D . brain may ind icate  
an enhancement o f LTD in th is region. Whether th is recepto r loss 
is epiphenomenal or an h ithe rto  undiscovered extension o f the patho­
physiological process in the A .D . brain, is open to  question. However, 
i t  is h ighly s ign ifican t th a t th is  g lu tam ate  recepto r a lte ra tion  occurs 
in  the absence o f any gross neuropathological insults, w ith  only tw o 
A .D . cases in this study exh ib iting  very low numbers o f senile plaques
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(10 and 4) in cerebellar cortex. The poss ib ility  o f cerebellar c irc u itry  
damage p rio r to  neuropathological change is fu rth e r suggested by the 
w ork o f Shimohama and colleagues (1988). These investigators, using 
membrane preparations, id e n tified  a 20% reduction  in benzodiazepine 
recep to r binding in the cerebe lla r hemisphere o f A .D . cases. 
A lthough th is response fa iled  to  achieve s ta tis t ic a l significance, i t  
suggests th a t inh ib ito ry  amino acid systems may also be a ffected  in 
th is  region and indicates the need fo r  an autoradiographic 
investiga tion  o f these sites. Quisqualate recep to r numbers are 
reduced in the A .D . cerebellum in the absence o f s ign ifican t numbers 
o f senile plaques, however, i t  is possible th a t neuropathological and 
neurochem ical changes in the cerebral co rtex  o f the same patients 
could be re la ted  to this recepto r a lte ra tio n . The concept o f 
"d iaschisis" was developed by von Monakow in 1914 to explain 
tem porary  im pairm ent o f function  in an undamaged area of brain 
fo llow ing  permanent in jury to  a rem ote  but anatom ica lly  re la ted site  
(fo r rev iew  see Feeney and Baron, 1986). One example o f this e ffe c t 
is crossed cerebellar dischisis, in which damage to  one cerebral 
hemisphere can produce functiona l depression in the contra la tera l 
ce rebe lla r hemisphere. Such a phenomenon has recently  been 
described in v ivo in a group o f severely demented A lzhe im er patients 
using positron emission tomography (PET) (Akiyam a e t al. 1989). This 
e ffe c t appears to  be mediated by co rtico -fu g a l fib res from  various 
regions o f the cerebral cortex to  the pontine nuclei and, from  there, 
in  a crossed tra c t to  the cerebellum. In te res ting ly , in the patients
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examined by Akiyam a and colleagues, fro n ta l co rtex  showed a very 
high co rre la tion  fo r crossed cerebellar diaschisis w hich they a ttr ibu ted  
to  the  substantia l co rtico -pon tine  pro jections fro m  th is  region. I f  the 
loss o f quisqualate receptors in the le f t  ce rebe lla r hemisphere, 
described in the present investigations, are re la ted  to  dysfunction in 
the  cerebra l co rtex, however, this m ust o rig ina te  in  the r ig h t 
hemisphere. A lthough substantial g lu tam a te rg ic  dysfunction was 
evident in the deep layers o f le f t  fro n ta l co rtex  fro m  A .D . patients, 
in v iew  o f the non-sym m etrical in ter-hem ispheric  d is trib u tio n  o f senile 
plaques in these cases, assumptions o f sym m etrica l neurochemical 
changes may be invalid . However, the poss ib ility  th a t cerebral- 
cerebe lla r a lterations in A.D. have a g lu tam a te rg ic  basis m erits 
fu r th e r investigation.
The above results ind icate ana tom ica lly -se lective  a lterations in 
g lu tam aterg ic  systems in the A.D. P lastic  a lte ra tions in g lutam ate 
receptors may be associated w ith  local neuropathology or occur in the 
absence o f detectab le  neuropathological changes, suggesting th a t the 
mechanisms o f g lu tam aterg ic dysfunction in  A .D . are heterogeneous 
w ith  respect to  anatom ical locus.
E.A .A . AND ADENOSINE A 1 RECEPTOR BINDING SITES IN  THE R AT 
VISUAL SYSTEM
AN ATO M ICAL DISTRIBUTION OF E .A .A . AN D  ADENOSINE A 1 
RECEPTOR BINDING SITES IN THE RAT VISUAL SYSTEM 
W ith in  the ra t visual system, the highest levels o f a ll E .A .A . recepto r 
binding sites were found in visual cortex. The lam inar d is trib u tio n  o f 
E .A .A . receptor ligands was, however, heterogeneous: [3H ]-ka inate  
binding in co rtic a l layers V /V I was approxim ate ly double th a t in 
superfic ia l co rtic a l layers, w hile  the level o f both N M D A-sensitive 
[3H ]-g lu tam ate  and [3H]-M K-801 binding was highest in  c o rt ic a l layers 
II/I I I .  In contrast to  the lam inar pa tte rn  o f binding obtained w ith  
these ligands, [3H ]-A M P A  binding was re la tiv e ly  homogenous 
throughout visual co rtex.
In subcortica l visual structures, the highest levels o f [3H ]-AM PA 
binding were evident in the superfic ia l layer o f the superior co llicu lus. 
In contrast, the dorsal la te ra l geniculate and la te ra l poste rio r nucleus 
expressed the highest densities o f NM DA-sensitive [3H ]-g lu tam ate  and 
[3H]-MK-801 binding.
E.A.A . AND ADENOSINE A t RECEPTOR BINDING SITES AFTER  
U N ILATER AL O RBITAL ENUCLEATION
Fu ll quan tita tive  analysis o f [3H ]-kainate, [3H ]-AM PA, N M D A-sensitive  
[3H ]-g lu tam ate  and [3H ]-C H A  binding a fte r u n ila te ra l o rb ita l 
enucleation is presented in  Appendix III.
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2.2.1
2.2.2
I^H j-K a ina te  Binding A f te r  U n ila te ra l O rb ita l Enucleation 
A t  1, 5 and 10 days post-enucleation [3H ]-ka inate binding was 
unaltered in both prim ary and secondary re tin a l p ro jection  areas in the 
v isua lly-deprived hemisphere. However, a t 20 days post-lesion, a 15% 
increase in [3H ]-ka inate binding was evident in the superior co llicu lus 
(F igure 24A), although [3H ]-ka ina te  binding was unaltered in  o ther 
visual structures at this tim e  point. There was no s ig n ifican t 
a lte ra tio n  in [3H ]-ka inate  binding in visual structures o f the v isua lly - 
in ta c t hemisphere post-enucleation (ANOVA). [3H ]-K a inate  binding 
was also unaltered in any o f the non-visual structures examined a t any 
t im e  po in t post-enucleation (Appendix III (a)).
f3H l-A M P A  Binding A fte r  U n ila te ra l O rb ita l Enucleation 
There were no s ign ifican t a ltera tions in [3H ]-AM PA binding a t 1 and 
5 days post-enucleation in e ithe r p rim ary or secondary re tin a l 
p ro jec tion  areas in the visua lly-deprived hemisphere. A t  10 and 20 
days post-enucleation, however, [3H ]-AM PA binding was s ig n ifica n tly  
reduced in the superior co llicu lus (Figure 24B), but unaltered in o ther 
v isually-deprived areas. [3H ]-AM PA binding was unaltered in visual 
s tructures o f the v isu a lly -in ta c t hemisphere post-enucleation (ANOVA) 
and unaltered in non-visual structures examined post-enucleation 
(Appendix 111(b)).
118
LEGEND TO FIGURE
FIGURE 24. Superior collicu lus (superfic ia l layer). A lte ra tions  in (A) 
ka ina te  receptors, (B) quisqualate receptors, (C) NM DA receptors, (D) 
N M D A  receptor channel and (E) Adenosine A 1 receptors a fte r 
u n ila te ra l o rb ita l enucleation. Results are presented as the mean 
percentage change in the visua lly-deprived le f t  hemisphere (L) as a 
func tion  o f the v isua lly -in tac t r ig h t hemisphere (R) + S.E.M. In (A) 
-  (D), values are given fo r con tro l and 1, 5, 10 and 20 days surviva l 
post-enucleation. In (E), values are given fo r  con tro l and 1, 5, 10 and 
20 days surviva l post-enucleation. *P<0.01, paired t- te s t.
FIGURE 24 E.A.A. AND ADENOSINE A1 RECEPTORS IN
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2.2.4
NM D A-Sensitive f3H l-G lutam ate and f3H l-M K-801 Binding A fte r  
U n ila te ra l O rb ita l Enucleation
There were no s ign ifican t a lterations in N M D A-sensitive [3H ]- 
g lu tam ate  o f [3H]-M K-801 binding in visual s tructures in  the v isua lly- 
deprived hemisphere post-enucleation. N M D A-sensitive  [3H]- 
g lu tam ate  and [3H]-M K-801 binding were unaltered in  visual structures 
o f the v isu a lly -in ta c t hemisphere post-enucleation (ANOVA) and 
unaltered in  a ll non-visual structures examined post-enucleation 
(Appendix IV (c) and (d)).
f3H l-C H A  Binding A fte r  U n ila te ra l O rb ita l Enucleation 
[3H ]-C H A  binding was not s ign ifican tly  a ltered in visual s tructures o f 
the visua lly-deprived hemisphere up to 5 days post-enucleation. 
There was, however, a s ign ifican t reduction (~50%) in [3H ]-C H A 
binding in the superior collicu lus at 10 and 20 days post-enucleation 
(Figure 24E). The [3H ]-C H A autoradiograms in F igure 26 illu s tra te  
the s trik in g  loss o f op tica l density in the v isua lly-deprived superior 
co llicu lus a t 10 and 20 days post-enucleation.
There were no other s ign ifican t (P<0.01) a lte ra tions in [3H ]-CH A 
binding in  visual structures o f the v isua lly-deprived hemisphere, 
although a 12% reduction in [3H]-CHA binding in  the dorsal la te ra l 
geniculate nucleus a t 20 days post-enucleation was s ig n ifica n t a t the 
5% level.
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FIG U R E  2 5  REPRESENTATIVE AUTORADIOGRAMS OF KAIN ATE.
QUISQUALATE AN D  NM D A RECEPTOR BINDING A T  20 DAYS 
POST-ENUCLEATION
In the above autoradiograms the right hand hemisphere is visually-deprived. In (A) 
and (B), note the simultaneous increase and decrease in kainate and quisqualate 
receptor binding respectively in the visually-deprived superior colliculus (SC). 
NMDA receptor binding is unaltered (C).
Section co-ordinates are approximately 2.96mm interaural, -6.04mm bregma.
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FIG U R E  2 6  ADENOSINE At RECEPTOR BINDING POST-ENUCLEATION
In the above autoradiograms the right hand hemisphere is visually-deprived. In 
representative autoradiograms, note the reduction in optical density in the 
visually-deprived superior colliculus at 10 and 20 days post-enucleation.
123
2 .2 .5 B inding P a ra m eters  for  f3H l-K ain ate  a t 20 D ays P o st-E n u clea tio n
Saturation analysis of [3H]-kainate binding (2.5 - 75nM) was performed 
in five animals at 20 days post-enucleation. Scatchard analysis of 
this data in the superior colliculus gave curvilinear plots, (P<0.05, F 
test as compared to linear fit), mean values are illustrated in Figure 
27. Assuming that curvilinearity reflects multiple binding sites, these 
curves could be resolved into high and low affinity sites in the 
visually-intact superior colliculus with K0 values of 2.5 ± 0.5nM and 
35 ± 6nM, and Bmax values of 21 ± 0.5pm oles/g tissue and 76 ± 
7pm oles/g tissue for high and low affinity sites respectively. In the 
visually-deprived superior colliculus there was a significant increase 
in the Bmax value for the high affinity kainate site , 25 ± lpm oles/g  
tissue (p<0.01), with no alteration in the KD value, 2.5 ± 0.5nM. The 
Kd and Bmax values for low affinity kainate sites, 21 ± 5nM and 72 ± 
8pm oles/g tissue respectively, were not significantly different from 
those in the visually-intact hemisphere.
2.2.6 Binding Parameters for [3Hl-AMPA at 20 Days Post-Enucleation
Saturation analysis of [3H]-AMPA binding (10-1000nM) in five animals 
at 20 days post-enucleation revealed curvilinear Scatchard plots 
(P<0.05, F test compared to linear fit). In the visually-intact superior 
colliculus, these curves could be resolved into high and low affinity  
sites with KD values of 42 ± 3nM and 500 ± 53nM, and Bmax values of
40 ± 2pm oles/g tissue and 240 ± 21pm oles/g tissue respectively. In 
visually-deprived superior colliculus there was a significant reduction 
in the Bmax value for the high affinity AMPA site  in comparison to the 
visually-intact hemisphere, 30 ± lpm oles/g  tissue (P<0.01), with no 
change in KD, 40 ±2nM. There was no sta tistica lly  significant 
alterations in low affinity AMPA binding parameters in the visually- 
deprived superior colliculus although there was a 20% reduction in the 
Bmax value (183 ± 17pmoles/g tissue) in comparison to the intact 
hemisphere (240 ± 2 lpm oles/g tissue).
SUPERIOR COLLICULUS(Superficial layer)
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50 6020 30 4010
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FIGURE 27 SCATCHARD ANALYSIS OF [3H]-KAINATE BINDING 
IN SUPERIOR COLLICULUS
Scatchard plots of [3H]-kainate binding in the visually-intact( n ,o ) and 
visually-deprived( ■ ,• )  superior colliculus at 20 days post-enucleation. 
[3H]-kainate binding was determined using concentrations from 2.5-75nM as 
described in chaper II. Data are representative of five animals.
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FIGURE 28 SCATCHARD ANALYSIS OF [3H]-AMPA BINDING 
IN SUPERIOR COLLICULUS
Scatchard analysis of [3H]-AMPA binding in the visually-intact(no) and 
visually-deprived(B,#) superior colliculus at 20 days post-enucleation. 
[3H]-AMPA binding was determined using concentrations from 
10-1000nM as described in chapter II. Data are representative of five 
animals.
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2 .3  COM M ENTARY: DISCUSSION OF E .A .A . A N D  ADENO SIN E A 1
RECEPTOR B IN D IN G  IN  TH E R AT V ISUAL SYSTEM A FTER  
U N ILA T E R A L  O R B ITA L  EN U C LEATIO N .
E xam ination  o f the  e lec trophys io log ica l and pharm aco log ica l 
p roperties o f the  e x c ita to ry  postsynaptic p o te n tia ls  evoked by 
e le c tr ic a l s tim u la tio n  o f the  o p tic  tra c t, ind icates th a t an e x c ita to ry  
amino acid acts as tra n s m itte r  in  re tin a l p ro je c tio n  fib re s  (C run e lli 
e t al. 1987). The co m p e tit iv e  antagonism by y -D -g lu tam y lg lyc ine  o f 
both  the e x c ita to ry  postsynaptic  p o te n tia l and the  depo la risa tion  
produced by exogenous quisqualate and g lu tam ate , ind ica tes  th a t the  
synaptic  recep to rs  o f the  o p tic  nerve are o f the  qu isqua la te /ka ina te  
type  in the la te ra l gen icu la te  nucleus. S im ila r ly , g lu tam a te -induced  
ion ic  curren ts in  cu ltu re d  ra t  superior co llicu lus neurons, also invo lve  
quisqualate and ka ina te  recep to r-m ed ia ted  conductance changes 
(G rantyn e t al. 1987; Perouansky & G rantyn, 1989). In add ition  to  
m ed ia ting  re tin o - fu g a l neurotransm ission, the re  is good evidence 
supporting a tra n s m itte r  ro le  fo r  g lu tam ate  and/or asparta te  in the 
p ro jec tio n  fib res  fro m  visua l co rtex  to  subco rtica l v isua l s truc tu res  
(Lund-Karlsen and Fonnum, 1978; Fosse and Fonnum, 1987). 
G lu ta m a te rg ic  co rtico -g e n icu la te  cells in  laye r VI (Baughman and 
G ilb e rt, 1981) and c o rtic o -c o llic u la r  cells in laye r V ( Hue ttn e r and 
Baughman, 1988) also send co lla te ra ls  throughout v isua l co rtex , 
in d ica tin g  an in te r la m in a r tra n s m itte r ro le  fo r  g lu tam a te . F ina lly , 
in  add ition  to  m ed ia ting  re tin o -fu g a l, c o rtico -fu g a l and in tra c o r tic a l 
transm ission, the re  is some evidence to  suggest th a t c o rt ic a l
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postsynaptic  responses to  dorsal la te ra l gen icu la te  inpu t are m ed ia ted  
by e x c ita to ry  amino acid recep to rs  (Tsum oto e t al. 1986; H ag ihara  e t 
a l. 1988).
A l l  o f the above evidence ind ica tes  the  extensive in vo lvem en t o f 
g lu ta m a te rg ic  transm ission in  v isua l processing and, in  v ie w  o f the  
high density o f g lu tam a te  recep to rs  w ith in  v isua l s tru c tu re s  
(G reenam yre e t al. 1984) a llows the  ra t  v isua l system  to  a c t as an 
appropria te  po lysynaptic  m odel in  w hich to  study post-dene rva tion  
regu la tio n  o f g lu tam ate  recep to rs .
K a ina te  R eceptors. Based on ce ll fra c tio n a tio n  studies, ka ina te  
b inding sites have been shown to  be syn ap tica lly  loca lised (Foster e t 
a l. 1981). The ana tom ica l he te rogene ity  o f [3H ]-ka in a te  b inding  
w ith in  the ra t v isual system  suggests th a t ka inate  recepto rs  m ed ia te  
e x c ita to ry  amino acid neurotransm ission w ith in  s p e c ific  visua l 
pathways. In th is respect, the  high density o f [3H ]-ka ina te  b inding in 
deep layers o f v isual co rte x  is in  agreem ent w ith  previous 
autorad iographic data (Monaghan and Cotm an, 1982) and supportive  
o f e lectrophys io log ica l evidence im p lica tin g  ka inate  recep to rs  as 
m ediators o f e x c ita to ry  amino acid  transm ission in c o rtic a l layers IV - 
VI o f visual co rtex  (Fox e t al. 1989). In add ition  to  m ed ia ting  
postsynaptic  e x c ita to ry  transm ission, the re  is evidence to  ind ica te  
th a t a population o f ka ina te  recepto rs  m ay ex is t on the  te rm ina ls  o f 
c e rta in  g lu tam a te rg ic  a ffe re n t neurones, where they a c t to  m odulate
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g lu ta m a te  release. K a ina te -induced  neurodegeneration in  the  s tr ia tu m  
depends on an in ta c t g lu ta m a te rg ic  a ffe re n t inpu t (c o rt ic o -s tr ia ta l)  
(B iz ie re  and Coyle, 1979; M cG eer e t a l. 1978) and resu lts fro m  in 
v it ro  and in  v ivo  preparations suggest th a t in  th is  area, ka ina te  
increases e x tra ce llu la r g lu ta m a te  concen tra tions by ac ting  on 
p resynap tic  pos itive -feedback au to recep to rs  on g lu ta m a te rg ic  
te rm in a ls  (Young e t al. 1988). I t  th e re fo re  seems p lausib le th a t 
ka in a te  recepto rs may be loca ted  p re - and /o r postsynap tica lly  w ith in  
v isua l pathways.
The s ta b il ity  o f [3H ]-ka ina te  b ind ing  in  re tin o re c ip ie n t nucle i (superior 
co llicu lu s , dorsal la te ra l gen icu la te) up to  10 days post-enucleation, 
suggests th a t ka inate  receptors are no t loca ted  p resynap tica lly  on the  
te rm in a ls  o f re tin a l p ro jec tio n  fib res . A t  th is  tim e  po in t, [3H ]-C H A  
b ind ing  to  adenosine A 1 recepto rs  was reduced by approx im ate ly  50% 
in the  v isua lly -deprived  superio r co llicu lus , ind ica tive  o f the  
degenera tion  o f re tin a l fib res  in  th is  s tru c tu re  (Goodman e t al. 1983). 
Th is t im e  course fo r re tin a l p ro je c tio n  f ib re  loss is consistent w ith  the  
u ltra s tru c tu re  study o f Lund (1969), showing th a t the num ber o f 
degenera ting  endings reaches a m axim um  7 days a fte r  eye ab la tion . 
I t  w ou ld  thus seem safe to  assume th a t, in  the  superior co llicu lus  a t 
leas t, ka ina te  receptors are loca ted  postsynaptica lly .
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[3H ]-K a in a te  b inding was s ig n if ic a n tly  increased (15%) in  the  v isua lly - 
deprived  superio r co llicu lus  a t 20 days p os t-enuc lea tion . S atura tion  
analysis o f th is  response revealed th a t the  increase was due to  an 
increased num ber o f high a f f in ity  ka in a te  re ce p to r s ites w ith  no 
s ig n if ic a n t a lte ra tio n  in recep to r a f f in ity .  There was also no 
s ig n if ic a n t a lte ra tio n  in low  a f f in ity  ka in a te  re ce p to r numbers or 
a f f in ity .  The existence o f high and low  a f f in i t y  ka ina te  recep to r 
s ites in  r a t  b ra in  has previously been dem onstra ted  using membrane 
p repara tions (Foster e t al. 1981; Honore e t a l, 1986), and the  a f f in ity  
constants obta ined in th is au to rad iograph ic  study are in  good 
agreem ent w ith  these investigations. The fu n c tio n a l re la tionsh ip  
betw een high a f f in ity  and low a f f in ity  ka in a te  recepto rs  remains 
unc lea r. However, i f  is o f in te res t th a t Ca2+ ions se le c tive ly  in h ib it 
h igh a f f in i ty  [3H ]-ka ina te  binding (Honore e t a l. 1986), in v iew  o f the 
evidence th a t ka inate  recepto r a c tiv a tio n  is associated w ith  Ca2+ 
channel ga ting  (H ori e t al. 1985; W roblewski e t a l. 1985). This e ffe c t 
is due to  a reduction  in  recep to r a f f in ity  (increased K D) w ith  no 
s ig n if ic a n t a lte ra tio n  in the number o f s ites (B ra itm an  and Coyle, 
1987), suggesting an a llo s te ric  in te ra c tio n  beween the  ka inate 
recep to rs  and Ca2+ channels. The high a f f in i ty  s ite  m ay the re fo re  
rep resen t an ’’uncoupled” fo rm  o f the  re ce p to r, whereas the low 
a f f in i t y  s ite  is associated w ith  Ca2+ channel occupancy and represents 
a "coup led" fo rm  o f the receptor. On the  o th e r hand, on the  basis o f 
h igh-energy ra d ia tio n  in a c tiva tio n  analysis, the  Ca -insensitive  low 
a f f in i t y  ka ina te  s ite  has been proposed to  be an e n tire ly  d iffe re n t
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m acrom olecu le  fro m  the high a f f in ity  s ite  (Honore e t a l. 1986) 
possessing a m o le cu la r w e igh t s im ila r to  th a t  o f  qu isqua la te  receptors.
Increased ka in a te  re ce p to r numbers in the  v isu a lly -d e p rive d  superior 
co llicu lus  m ay represen t a denervation su p e rse n s itiv ity  re a c tion  in 
reponse to  reduced g lu ta m a te rg ic  input o f re t in a l and /o r c o rt ic a l 
org in; a lthough the re  is some evidence to  suggest th a t  c o r t ic o - te c ta l 
a c t iv ity  m ay in  fa c t  "reco ve r" a t longer su rv iva l tim es  post­
enuclea tion  (see 3.3). A  lack o f ka inate  re ce p to r u p -re gu la tion  in the 
v isu a lly -d e p rived  dorsal la te ra l gen icu la te  nucleus o r p re te c ta l area 
suggests th a t the  leve l o f norm al re tin a l in p u t m ay be a de te rm inan t 
o f postsynap tic  re ce p to r response. A lte rn a tiv e ly , ka ina te  recep to r 
up -regu la tion  post-enuc lea tion  m ay be confined  to  those re tin o - 
re c ip ie n t nuc le i in  w h ich  ka ina te  re cep to r-m ed ia ted  responses are o f 
g rea tes t phys io log ica l im portance. In th is  respect, the  recent 
e lec trophys io log ica l study o f Perouansky and G ran tyn  (1989) is o f 
considerable re levance . These investiga tors  used cu ltu red  neurons 
fro m  ra t  superio r co llicu lus  to  exam ine the  recep to rs  m ed ia ting  the 
compound response to  exogenous g lu tam ate . A lthough  a ll three 
g lu tam a te  re c e p to r subtypes were expressed in  the  co llicu lus , ka ina te - 
a c tiva te d  cu rren ts  w ere la rge r than those fo r  quisqualate or NM DA 
and ka ina te  recep to rs  were found to  be responsible fo r  49%-82% o f 
the  compound c u rre n t e lic ite d  by g lu tam a te . Thus, fro m  an
e lec trophys io log ica l standpoin t, an increase in  ka ina te  recep to r 
numbers m ay represent the  m ost e fficac ious  postsynaptic  response to
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reduced glutamatergic input.
In tr in s ic  G A B A erg ic  neurons p redom ina te  in  the  s u p e rfic ia l la ye r o f 
the  superio r co llicu lu s  (O tte rsen  and S to rm -M ath isen , 1984). 
However, the  e x c ito to x ic  ac tion  o f s te re o ta x ic a lly - in je c te d  k a in ic  acid 
in  th is  reg ion is m ost apparent in  in tr in s ic  g lu ta m a te rg ic  neurons, as 
re fle c te d  in reduced [3H]-D-asparate uptake (Fosse and Fonnum , 1986), 
suggesting th a t g lu ta m a te rg ic  a ffe re n ts  im pinge p re do m in a n tly  on 
these ce lls . In te re s tin g ly , v isua l co rtex  ab la tion  p rov ided  an a lm ost 
com p le te  p ro te c tio n  against ka inate-induced n e u ro to x ic ity , w h ile  
enucleation  was in e ffe c tiv e . This fu r th e r supports the  proposed lack 
o f p resynaptic  ka ina te  receptors  on re tin a l a ffe ren ts , as suggested by 
the  resu lts  o f the  present study. However, i t  raises the  in tr ig u in g  
p o ss ib ility  th a t ka ina te  re ce p to r up-regu la tion  in  the  co llicu lu s  post­
enucleation  m ay be loca lised p a r tia lly  or w ho lly  to  c o r t ic o - te c ta l 
te rm ina ls . Such a response m ay ac t to  a m p lify  c o r t ic o - te c ta l a c tv ity  
v ia  enhanced pos itive -feedback  mechanisms.
Q uisqualate R ecepto rs . Quisqualate receptors, like  ka ina te  recepto rs, 
m ed ia te  fa s t e x c ita to ry  transm ission and are im p lica te d  in  visua l 
processing (C run e lli e t a l. 1987; K e lly  and C rune lli, 1988). These 
recepto rs  were una lte red  in  the  v isua lly -deprived  hem isphere up to  10 
days post-enuc lea tion . However, a t 10 and 20 days post-les ion  [ H ]- 
A M P A  b inding was s ig n if ic a n tly  reduced in v isua lly -deprived  superior 
co llicu lus , b u t una lte red  in  o the r re tin o rec ip ie n t nuc le i o r visual
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co rte x . S atu ra tion  analysis o f [3H ]-A M P A  b inding a t 20 days post­
enuclea tion  revealed both h igh and low  a f f in i ty  s ites w ith  K D values 
in  agreem ent w ith  published au to rad iog raph ic  experim ents (W esterberg 
e t a l. 1989). In the v isu a lly -d e p rived  superio r co llicu lus  a t th is  t im e  
p o in t, the re  were no s ig n if ic a n t changes in  e ith e r high o r low  a f f in ity  
K d values fo r  [3H ]-A M P A  b ind ing . H ow ever the  Bmax values fo r  both  
b ind ing  sites were reduced, a lthough the  reduc tion  in  low  a f f in i ty  s ites 
fa ile d  to  achieve s ta t is t ic a l s ig n ificance . F rom  hom ogenate b inding  
experim ents, i t  has been proposed th a t the  c u rv ilin e a r Scatchard p lo ts 
obta ined w ith  [3H ]-A M P A  in  the  presence o f potassium th iocyana te  
re f le c t  tw o  in te r-  co nve rtib le  s ta tes o f the  quisqualate re ce p to r ra th e r 
than tw o  separate binding sites (Honore and D re je r, 1988). The 
e q u ilib iru m  between the  tw o  sta tes being sh ifted  tow ards the  
con fo rm a tion  w ith  high a f f in i ty  fo r  [ H ]-A M P A  by potassium  
th iocyanate . In agreem ent w ith  th is  k in e tic  model, absolute levels 
o f [3H ]-A M P A  binding are reduced in autorad iographic assays in  the  
absence o f potassium th iocyana te  (personal observations; W esterberg 
e t a l. 1989). The loss o f [3H ]-A M P A  binding a t 10 days post­
enuclea tion  coincides w ith  a s ig n ific a n t 50% reduction  in A-, recep to r 
b ind ing in  the  same region. This suggests th a t a reduction  in  [3H ]- 
A M P A  binding may re f le c t  the  loss o f a population o f p resynaptic  
quisqualate receptors on degenerating re tin a l p ro jec tio n  fib res. 
C onsis ten t w ith  th is  hypothesis, p resynaptic  quisqualate recepto rs have 
been dem onstrated on g lu ta m a te rg ic  c o rt ic o -s tr ia ta l fib res (E rram i 
and N ieoullon, 1988) where they  m ay a c t to  m odulate c o r t ic o -s tr ia ta l
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neurotransm ission.The p ropo rtion  o f p resynap tic  quisqualate receptors 
a t th e  c o r t ic o -s tr ia ta l synapse (30%) is also s im ila r  to  the  percentage 
re d u c tio n  in  [3H ]-A M P A  b inding in  the  v isua lly -dep rived  superior 
co llicu lu s . On the  o the r hand, the  s ta b il ity  o f [3H ]-A M P A  binding in 
o th e r v isua lly -deprived  re tin o re c ip ie n t nuc le i (dorsal la te ra l gen icu la te  
nucleus and p re te c ta l nucle i), m ay argue in  favou r o f se lec tive  
postsynap tic  quisqualate re ce p to r response in  the  v isua lly -deprived  
supe rio r co llicu lus . I t  is, how ever, conceivab le  th a t the 
p ro p o rtio n a te ly  low er degree o f re t in a l in p u t in to  these s truc tu res  in 
com parison to  the  superior co llicu lu s  precludes de tec tion  o f sm all 
p resynap tic  b inding d e fic its . In add ition , the  poss ib ility  th a t 
qu isqua la te  recep to r dow n-regu la tion  and ka ina te  recep to r up- 
re g u la tio n  represent a co -o rd ina ted  com pensatory postsynaptic 
response seems un like ly  as these d ive rgen t re ce p to r responses were 
s ta t is t ic a lly  unre la ted  (r=0.010) a t 20 days post-enucleation.
D egenera tion  o f re tin a l p ro jec tio n  fib res  in  the  v isua lly-deprived  
co llicu lu s  w il l  be associated w ith  a degree o f re a c tive  gliosis. Such 
an a lte ra t io n  in  ce llu la r com position  could  conce ivab ly ac t to  increase 
the  se lf-abso rp tion  o f so ft (3-p a rtic le s  in  th is  reg ion w ith  a resu ltan t 
increase in  the  quenching o f the  [3H ]-ligand  signal. A sym m etrica l 
t r i t iu m  quenching would re su lt in  subsequent asym m etries in ligand 
b ind ing  and fa lse  pos itive  resu lts . I t  is, however, evident th a t 
d if fe re n t ia l t r i t iu m  quenching in  the  superio r co llicu lus is not 
in f lu e n t ia l in  the  present study, in  v iew  o f the  non-homogeneous 
a lte ra tio n s  in  ligand binding in  th is  reg ion  post-enucleation.
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N M D A  R ecep to rs .
B oth  N M D A -sen s itive  [3H ]-g lu tam a te  b ind ing  and [3H ]-M K -801  binding 
w ere  u na lte red  in  the  v isua lly -deprived  hem isphere up to  20 days post­
enuclea tion . Thus, w ith in  th is  p o lysynap tic  system , the  NM D A 
re co g n itio n  s ite  and re la ted  ionophore appear to  be insensitive  to 
fu n c tio n a l changes in  th e ir  m ic roenv ironm en t. The lack o f 
a lte ra tio n s  in  N M D A  recep to r b inding in  re t in o re c ip ie n t nuclei 
ind ica tes  th a t  these recep to r sites are no t lo ca ted  p resynap tica lly  on 
re t in a l a ffe re n ts . A lthough N M D A  recep to rs  are invo lved in 
deve lopm enta l changes and induction  o f LTP  w ith in  v isua l co rtex  
(K le in schm id t e t al. 1987; A rto la  and S inger 1987), the  s ta b il ity  o f 
these s ites post-enuc lea tion  may re la te  to  a m in o r phys io log ica l ro le  
in  m e d ia tin g  v isua l processing. On the  o th e r hand, the  robustness o f 
the  N M D A  re ce p to r com plex has been a fe a tu re  o f g lu tam a te  recep to r 
studies in  bo th  ce rebra l ischaemia (Bowery e t a l. 1988; W esterberg et 
al. 1989; D ew ar e t al. 1989) and hypoglycaem ia (W esterberg and 
W ieloch, 1989) where not only func tiona l a lte ra tio n s  b u t also neuronal 
necrosis is s ig n ific a n t. The m aintenance o f N M D A  receptors post­
enuc lea tion  m ay the re fo re  re f le c t a general hom eosta tic  mechanism 
in  re la t io n  to  these sites.
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Adenosine A -, R ecep to rs . Adenosine acts as a neu rom odu la to r w ith in  
the  CNS by a lte r in g  neuronal e x c ita b ili ty  o r th e  re lease  o f neuro­
tra n sm itte rs  (P h illis  and Wu, 1981). CNS adenosine recep to rs  have 
been designated A 1 and A 2 accord ing to  th e ir  re sp ec tive  in h ib ito ry  and 
s tim u la to ry  a c tion  on c y c lic  adenosine monophosphate synthesis (Van 
C a lke r e t a l. 1979). The presence o f adenosine A 1 recep to rs  on the 
te rm ina ls  o f re t in a l fib res  (Goodman e t al. 1983) has a llow ed these 
sites to  a c t as su itab le  m arkers o f re t in a l p ro je c tio n  f ib re  
degeneration post-enuc lea tion . However, i t  is ev iden t th a t A 1 
recepto rs are no t present on a ll e x c ita to ry  te rm in a ls  (Goodman e t al. 
1983) and, consequently, m ay not act as m arkers fo r  e x c ita to ry  
c o rtic o -fu g a l and in tra c o r tic a l fib res w ith in  the  v isua l pathway, 
a lthough, w ith in  the  t im e  fram e  o f the  experim ents , s ig n ific a n t 
transynap tic  degeneration o f these fib res is u n like ly .
The s ta b il ity  o f c o r t ic a l g lu tam ate  recep to r subtype b inding in  the 
present study con tras ts  w ith  a previous investiga tion  o f [3H ]-g lu tam a te  
binding a fte r  acute  o rb ita l enucleation (Chalm ers and M cC ulloch, 
1989). A t  1 day post-enuc lea tion  to ta l [3H ]-g lu tam a te  b inding was 
found to  be reduced th roughout v isua lly -deprived  v isua l co rtex  but 
una lte red in  re tin o re c ip ie n t nucle i, such as the  superio r co llicu lus. 
The present investiga tions suggests th a t th is  a lte ra tio n  in  to ta l [3H ]- 
g lu tam a te  b ind ing  re fle c ts  changes in non-recep to r s ites. In th is 
respect, i t  is l ik e ly  th a t the  assay conditions em ployed fo r  to ta l [ H ]- 
g lu tam a te  b ind ing  (use o f T ris /H C l b u ffe r) would have a llowed the
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binding o f ch lo ride  dependent g lu ta m a te  uptake sites (Bridges e t al. 
1987) in  add ition  to  g lu ta m a te  recepto rs . I t  thus seems probab le  th a t 
ch lo ride-dependent g lu ta m a te  uptake sites are reduced o r desensitised 
in  v isua l co rte x  post-enuc lea tion . This transynap tic  a lte ra tio n , a t a 
t im e  when no gross m orpho log ica l changes would occur, m ay be a 
phys io log ica lly  re le va n t com pensatory mechanism in  respec t to  
reduced gen icu la te  inpu t, possibly acting  to  increase synap tic  
g lu ta m a te  concentra tions.
The present in ve s tiga tio n  has dem onstrated the  presence o f tw o  
concu rren t a lte ra tio n s  in  g lu tam a te  recep to r subtypes post- 
encu leation . The increase in  ka ina te  receptors is lik e ly  to  re f le c t  a 
postsynaptic  up -regu la tion  in  response to  reduced g lu ta m a te rg ic  inpu t 
w h ile  the  loss o f quisqualate  recep to r binding is lik e ly  to  be 
p resynaptic  on degenerating re t in a l fib res. The s ta b il ity  o f N M D A  
re ce p to r b inding pos t-enuc lea tion  ind icates th a t these sites are no t 
loca ted  on re t in a l a ffe re n ts  and are not susceptible to  lesion-induced 
m odu la tion  in  th is  system .
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GLUCOSE UTILISATION AND 5HTV 5HT2. 6-ADRENERGIC. GAB A, 
AND CHOLINERGIC MUSCARINIC RECEPTOR BINDING IN THE 
RAT VISUAL SYSTEM
A N A TO M IC A L DISTRIBUTION OF SEROTONERGIC. 6-ADRENERGIC. 
GABAa A N D  CHOLINERGIC M U S C A R IN IC  RECEPTORS IN  TH E R A T  
V ISU AL SYSTEM
Each o f the  ligands employed in  these studies exh ib ited  d is tin c tiv e  
d is tr ib u tio n s  o f binding w ith in  the  v isua l system . H owever, the re  
w ere  some s im ila r it ie s  between ligands in  re la tio n  to  the  h ie rachy o f 
b ind ing  w ith in  anatom ica l components o f the  v isua l pathw ay and w ith  
respec t to  the  lam inar d is tr ib u tio n  o f b inding  w ith in  visua l co rte x .
In su bco rtica l visual s truc tu res , high leve ls o f [3H ]-5H T (5 -hydroxy- 
tryp ta m in e ), [3H ]-ke tanserin  and [3H ]-D H A  (d ihydroa lprenolo l) b inding 
w ere  found in  the superior co llicu lu s  and re la t iv e ly  low  levels in  the 
dorsal la te ra l genicu la te  nucleus, in d ica tin g  a somewhat s im ila r 
d is tr ib u tio n  o f 5H T,, 5HT2 and p -adrene rg ic  receptors in  these 
ana tom ica l s tructures. S im ila r ly , the  density o f [ H ]-Q N B 
(qu inuc lid iny l-benz ila te ) b inding to  m uscarin ic  receptors in  the  
superio r co llicu lus  was double th a t in  the  dorsal la te ra l gen icu la te  
nucleus although fo r th is  ligand the  low est levels o f binding were 
found in  p re te c ta l nucle i. In co n tra s t to  these ligands, the  leve l o f 
[3H ]-m usc im o l binding to  G A BA a recepto rs  in  the  dorsal la te ra l 
gen icu la te  nucleus was app rox im a te ly  double th a t in  the  superior
c o llicu lu s , the  low est leve l o f b ind ing  being p resent in  p re te c ta l 
n uc le i.
U n like  su bco rtica l visual s tru c tu re s , w ith in  v isua l co rtex , the 
d is tr ib u tio n  o f [3H ]-5H T, [3H ]-ke tanse rin  and [3H ]-D H A  binding were 
ve ry  d if fe re n t:  [3H ]-5H T b inding was concen tra ted  in  deep c o rtic a l 
layers, w h ile  [3H ]-D H A  binding was h ighest in  c o r t ic a l layers II- III. 
In co n tra s t, [3H ]-ke tanserin  b inding was low  in c o r t ic a l layers I I / I I I  and 
V /V I and high in  laye r IV. Dense la b e llin g  o f la ye r IV o f visua l co rtex  
was also a fe a tu re  o f [3H ]-m uscim ol autoradiogram s, w h ile  [3H]-QNB 
e xh ib ite d  a t r i- la m in a r  p a tte rn  o f b inding; b ind ing in  c o rtic a l layer 
IV being low er than th a t in c o rt ic a l layers I I / I I I  and V /V I.
3.2 GLUCOSE UTILISATIO N  AN D  f3H l-5H T . f3H l-KETAN SER IN . f3H l-
D H A . f3H l-M U SC IM O L AN D  [3H l-O N B  B IN D IN G  A FTE R  U N ILA TE R A L 
O R B IT A L  ENUC LEATIO N
F u ll q u a n tita tiv e  analysis o f glucose use, [3H ]-5H T , [3H ]-ke tanserin , 
[3H ]-D H A , [3H ]-m uscim ol and [3H]-Q N B b inding  fo llo w in g  un ila te ra l 
enuc lea tion  is presented in Appendix IV.
3.2.1 f3H ]-5H T  and [3H l-K e tanserin  B inding A f te r  U n ila te ra l O rb ita l
E nuc lea tion
A t  1 day post-enuc lea tion  [3H ]-5H T b inding was una lte red in both 
p r im a ry  and secondary re tin a l p ro jec tio n  areas in  the  v isua lly-deprived 
hem isphere. However, a t 5, 10 and 20 days post-lesion, reductions
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3.2.2
in [3H ]-5H T  b ind ing  w ere eviden t in bo th  the  superio r co llicu lus  
(F igure  29) and dorsal la te ra l gen icu la te  nucleus (F igu re  30). In both 
s tru c tu re s  th e  m agnitude o f the reduction  was g re a te s t a fte r  10 days 
pos t-enuc lea tion  (-27% and -44% in superio r co llicu lu s  and dorsal 
la te ra l gen icu la te  nucleus respective ly). There  was no s ig n ific a n t 
a lte ra tio n  in  [3H ]-5H T binding in visual s tru c tu re s  o f the  v isu a lly - 
in ta c t hem isphere post-enucleation  (ANO VA). [3H ]-5H T  b inding  was 
una lte red  in  any o f the  non-visual s truc tu res  exam ined a t any tim e  
p o in t post-enuc lea tion  (Appendix IV (b)).
U n ila te ra l o rb ita l enucleation induced no s ig n if ic a n t a lte ra tio n s  in 
[3H ]-ke tanse rin  b inding to  5HT2 receptors in  any v isua l s tru c tu re  a t 
any t im e  p o in t exam ined. [3H ]-K e tanserin  b ind ing  was also unchanged 
in any non-v isua l s truc tu res examined post-enuc lea tion  (Appendix V 
(c)).
[3H l-D H A  B inding A f te r  U n ila te ra l O rb ita l E nuclea tion  
There was no change in  [3H ]-D H A  binding in  any v isua l s truc tu res  in 
the  v isua lly -dep rived  hemisphere a t 1 day post-enuc lea tion . However, 
in  a s im ila r  fashion to  [3H]-5H T binding, [3H ]-D H A  binding was 
s ig n if ic a n tly  reduced in  both the superior co llicu lu s  and dorsal la te ra l 
gen icu la te  nucleus a t 5, 10 and 20 days post-enuclea tion  (Figures 29 
and 30).
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LEGEND TO FIGURE
FIGURE 29. Superior co llicu lu s  (su p e rfic ia l laye r). A lte ra t io n s  in  (A) 
glucose use, (B) p -ad rene rg ic  recepto rs, (C) 5HT1 recep to rs , (D) 5HT2 
receptors, (E) G ABAa recepto rs  and (F) ch o lin e rg ic  m uscarin ic  
receptors a fte r  u n ila te ra l o rb ita l enucleation. R esults are presented 
as the  mean percentage change in the  v isu a lly -d e p rived  le f t  
hemisphere (L) as a fu n c tio n  o f the v is u a lly - in ta c t r ig h t  hem isphere 
(R) + S.E.M. Values are given fo r  co n tro l and 1, 5, 10 and 20 days 
su rv iva l post-enuclea tion . *P<0.01, paired t- te s t.
FIGURE 29 GLUCOSE USE AND LIGAND BINDING IN THE VISUALLY-
DEPRIVED SUPERIOR COLLICULUS POST­
ENUCLEATION
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LEGENDS TO FIGURES
F IG U R E 30. Dorsal la te ra l gen icu la te  nucleus. A lte ra tio n s  in  (A) 
glucose use, (B) p -adrenerg ic recep to rs , (C) 5HT-, receptors, (D) 5HT2 
recep to rs , (E) G ABAa recep to rs  and (F) cho line rg ic  m uscarin ic  
recep to rs  a fte r  u n ila te ra l o rb ita l enuclea tion . Results are presented 
as the  mean percentage change in  the  v isua lly -deprived  le f t  
hem isphere (L) as a func tion  o f the  v is u a lly - in ta c t r ig h t hemisphere 
(R) + S.E.M. Values are given fo r  co n tro l and 1, 5, 10 and 20 days 
su rv iva l post-enucleation. *P<0.01, pa ired t- te s t.
F IG U R E 31. V isual co rtex , la ye r IV. A lte ra tio n s  in (A) glucose use, 
(B) p -ad rene rg ic  receptors, (C) 5HT-| recepto rs, (D) 5HT2 receptors, 
(E) G A B A a receptors and (F) cho line rg ic  m uscarin ic  receptors a fte r  
u n ila te ra l o rb ita l enucleation. Results are presented as the  mean 
percen tage  change in the v isua lly -deprived  le f t  hemisphere (L) as a 
fu n c tio n  o f the  v is u a lly - in ta c t r ig h t  hem isphere (R) + S.E.M. Values 
are g iven fo r  co n tro l and 1, 5, 10 and 20 days surv iva l post­
enuc lea tion . *P<0.01, pa ired t- te s t.
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FIGURE 30 GLUCOSE USE AND LIGAND BINDING IN THE VISUALLY-
DEPRIVED DORSAL LATERAL GENICULATE
NUCLEUS POST-ENUCLEATION
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FIG UR E 31 GLUCOSE USE AND LIGAND BINDING IN THE VISUALLY-
DEPRIVED VISUAL CORTEX POST-ENUCLEATION
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3.2.3
[3H ]-D H A  b inding in  p re te c ta l nucle i exh ib ited  a s ta t is t ic a lly  
s ig n if ic a n t b ila te ra l re d uc tio n  10 and 20 days pos t-enuc lea tion  (F=5.17 
and F=4.63 fo r  in ta c t and deprived hemispheres resp ec tive ly ; degrees 
o f freedom  between groups 4, w ith in  groups 17), a lthough no 
asym m etry  in  b inding was ev iden t in th is  region a t any t im e  po in t. 
There were no s ig n ific a n t a lte ra tio n s  in [3H ]-D H A  b inding  in  any o the r 
v isua l s truc tu res  in  the  v isua lly -deprived  hemisphere post-enuc lea tion . 
[3H ]-D H A  b inding was no t a lte red  in any non-visual s tru c tu re s  
exam ined a t any t im e  p o in t post-enucleation  (Appendix IV(d)).
[ H l-M usc im o l B inding A f te r  U n ila te ra l O rb ita l Enuclea tion  
[3H ]-M uscim ol b inding was no t s ig n ific a n tly  a ltered  in  e ith e r p rim a ry  
o r secondary re t in a l p ro je c tio n  areas in the  v isua lly -dep rived  
hem isphere a t 1, 5 o r 10 days post-enucleation. O nly a t 20 days 
post-enuclea tion  were reduced levels o f [3H ]-m uscim ol b inding  ev iden t 
in  both  dorsal la te ra l gen icu la te  nucleus (-30%) (F igure 30) and deep 
layers (IV /VI) (-20%) o f v isua l co rtex  (Figure 31). There were no 
s ig n ific a n t a lte ra tions  in  [3H ]-m uscim ol binding in  v isua l s truc tu res  o f 
the  v is u a lly - in ta c t hem isphere post-enucleation (ANOVA) o r in  any 
non-visual s truc tu res  exam ined a t any tim e  po in t post-enuclea tion  
(Appendix IV (e)).
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3 .2 .4 [3H ]-Q NB Binding A fter  U n ila tera l O rb ital E n u clea tion
3.2.5
U n ila te ra l o rb ita l enucleation produced no s ig n if ic a n t a lte ra tio n s  in  
[3H ]-Q N B  binding in p rim a ry  v isua l s tru c tu re s  o f e ith e r hem isphere a t 
1, 5, 10 o r 20 days post-les ion. S im ila r ly , [3H ]-Q N B b inding  was 
una lte red  in  a ll non-visual s tru c tu re s  exam ined a t any tim e  p o in t post­
enuc lea tion  (Appendix IV (f)).
G lucose U tilis a tio n  a fte r U n ila te ra l O rb ita l Enucleation  
A t  1 day post-enucleation  the re  w ere im m ed ia te  and m ax im a l d e fic its  
in  glucose use in a ll v isual s truc tu res  in  the  v isua lly -deprived  
hem isphere. The m ost pronounced reductions in  glucose use were 
found in the  supe rfic ia l laye r o f the  superio r co llicu lus  (-45%) (F igure  
29) and in the  dorsal la te ra l gen icu la te  nucleus (-36%) (F igure 30). 
G lucose use was reduced to  a lesser e x te n t in v isua lly -deprived  v isua l 
c o rte x  (-25%) (Figure 31), p re te c ta l nuc le i (-25%) and la te ra l pos te rio r 
nucleus (-21%). The degree o f m e tabo lic  depression w ith in  v isua l 
s tru c tu re s  was thus d ire c tly  re la te d  to  the  leve l o f re tin a l input: 
re t in a l p ro jec tion  areas (superior co llicu lus , dorsal la te ra l gen icu la te  
nucleus) exh ib ited  m ore p rom inen t d e fic its  in  glucose use than, fo r  
exam ple, visual cortex, w hich rece ives no d ire c t re tin a l input.
The degree o f m e tabo lic  depression in  the  v isua lly -deprived  superior 
co llicu lu s  varied  as a fu n c tio n  o f post-enucleation  su rv iva l t im e  
(F igure  29). Thus, by 20 days post-enucleation, glucose use in the 
v isua lly -deprived  superior co llicu lus  was s ig n ifica n tly  g rea te r (23 h \
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GLUCOSE USE
V
B-ADRENOCEPTORS
5HT-1 RECEPTORS
GABA-A RECEPTORS
FIGURE 32 REPRESENTATIVE AU TO RADIO G R AM S OF GLUCOSE USE A N D  
L IG A N D  BIN D IN G  A T  10 DAYS PO ST-ENUCLEATIO N
In the above autoradiograms the right hand hemisphere is visually-deprived. In
(A) glucose use is reduced in visually-deprived superior colliculus (SC) and visual 
cortex (VC), p-Adrenoceptor (B) and 5HT-, receptor (C) binding are selectively  
reduced in SC but unaltered in VC. 5HT2 receptor (C), GABAa receptor (E) and 
cholinergic muscarinic receptor (F) binding are unaltered in SC or VC. In (D) 
note the sharp reduction in the density of 5HT2 receptor binding in layer IV of 
primary visual cortex.
Section co-ordinates are approximately 2.96mm interaural, -6.04mm bregma.
5HT-2 RECEPTORS
MUSCARINIC RECEPTORS
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GLUCOSE USE
GABA-A RECEPTORS
FIGURE 33 REPRESENTATIVE AU TO RADIO G R AM S OF GLUCOSE USE A N D  
G A B A . RECEPTOR BINDING  A T  20 DAYS POST-ENUCLEATION
In the above autoradiograms the right hand hemisphere is visually-deprived. In
(A), note the reduction in glucose use in visually-deprived superior colliculus (SC) 
and visual cortex (VC). In (B), GABAa receptor binding is reduced in layers IV- 
VI of VC in comparison to the contralateral hemisphere but unchanged in SC.
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P<0.01 AN O VA) than th a t a t 1 day pos t-enuc lea tion . There was no 
s ta t is t ic a lly  s ig n ifica n t recovery  in  m e ta b o lic  a c t iv ity  in  any o the r 
v isua l s tru c tu re s  in  the v isua lly -dep rived  hem isphere.
3.2.6
G lucose use was not s ig n ific a n tly  a lte re d  in  v isua l s truc tu res  o f the  
v is u a lly - in ta c t hemisphere pos t-enuc lea tion  (ANO VA). Glucose use was 
u na lte re d  in  any o f the non-visual s tru c tu re s  exam ined a t any su rv iva l 
t im e  post-enuc lea tion  (Appendix IV(a)).
G lucose Use and Ligand B inding A f te r  U n ila te ra l O rb ita l Enucleation 
E xam ina tion  o f Figures 29, 30 and 31 c le a rly  reveals th a t the  tim e  
courses o f fun c tio na l and recep to r b inding responses post-enucleation  
are d if fe re n t.  However, a t 10 and 20 days post-enucleation, the 
degree o f both  [3H ]-5H T and [3H ]-D H A  b inding d e fic its  in visual 
s tru c tu re s  in  the  v isua lly -deprived  hem isphere co rre la ted  s ig n ifica n tly  
w ith  the  leve l o f reduction  in fu n c tio n -re la te d  glucose use in these 
s tru c tu re s  (Figures 34 and 35). For both ligands th is  re la tionsh ip  was 
m ost s ig n if ic a n t a t 10 days post-enuclea tion  (R=0.700 and r=0.757 fo r 
[3H ]-5H T  and [3H ]-D H A  respective ly). A t  20 days post-enucleation, 
reductions in  [3H ]-m uscim ol b inding in  the  v isua lly-deprived 
hem isphere co rre la ted  s ig n ific a n tly  w ith  the  degree o f asym m etry in 
g lucose use in  visua l s tructures a t th is  t im e  p o in t (r=0.543, P<0.01).
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LEGENDS TO FIGURES
FIGURE 3 4 .
(A) C o rre la tio n  o f percentage change in  [3H ]-5 H T  b ind ing  against 
percentage change in  glucose use in  the  v isu a lly -d e p rived  hemisphere 
(L) as a fu n c tio n  o f the  v is u a lly - in ta c t hem isphere (R) in  7 p rim a ry  
v isua l s tru c tu re s  a t 10 days post-enuclea tion  (3 ra ts ).
(B) P lo t o f c o rre la tio n  c o e ff ic ie n t fo r the  re la tion sh ip  y  = mx+c, where 
y  -  percentage change in [3H ]-5H T b inding in  the  v isua lly -deprived  
hem isphere as a fun c tio n  o f the v is u a lly - in ta c t hem isphere and x  = 
percentage change in glucose use in the  v isu a lly -d e p rived  hemisphere 
as a fu n c tio n  o f the  v is u a lly - in ta c t hem isphere. *p<0.01.
FIGURE 35.
(A) C o rre la tio n  o f percentage change in [3H ]-D H A  b inding against 
percentage change in glucose use in the  v isua lly -dep rived  hemisphere 
(L) as a fu n c tio n  o f the  v is u a lly - in ta c t hem isphere (R) in  7 p rim ary  
v isua l s tru c tu re s  a t 10 days post-enucleation  (4 ra ts).
(B) P lo t o f c o rre la tio n  c o e ff ic ie n t fo r  the  re la tionsh ip  y  = m x+c , where 
y  = percen tage  change in  [3H ]-D H A  b inding in  the  v isua lly -deprived  
hem isphere as a fun c tio n  o f the v is u a lly - in ta c t hem isphere and x  = 
percentage change in glucose use in the  v isua lly -dep rived  hemisphere 
as a fu n c tio n  o f the  v is u a lly - in ta c t hem isphere. *p<0.01.
FIGURE 34 RELATIONSHIP BETWEEN 5HT BINDING AND
GLUCOSE USE POST-ENUCLEATION
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FIGURE 35 RELATIONSHIP BETWEEN DHA BINDING AND
GLUCOSE USE POST-ENUCLEATION
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3.3 COMMENTARY: DISCUSSION OF ALTERATIONS IN GLUCOSE
U TILISATIO N  AND LIG AND BIN D IN G  IN  THE R A T VISUAL SYSTEM 
A FTE R  U N ILA TE R A L O R BITAL E N U C LE ATIO N .
In add ition  to  the m ajor ro le  p layed by the  g lu ta m a te rg ic  system, the 
sero tonerg ic , noradrenergic, G A B A erg ic  and cho line rg ic  neuro­
tra n s m itte r  systems are a ll im p lica te d  in  v isua l processing. 
S erotonerg ic and noradrenergic in p u t to  the  dorsal la te ra l gen icu la te  
nucleus and superior co llicu lus o rig in a te  in  the  dorsal raphe nucleus 
and locus coeruleus respec tive ly  (Steinbusch, 1984; Swanson and 
H artm an, 1975). The noradrenerg ic and sero tonerg ic  p ro jections to  
the  dorsal la te ra l geniculate nucleus m odu la te  re la y  ce ll e x c ita b ility  
in  a re c ip ro ca l fashion, se ro ton in  being a p o ten t depressant and 
noradrenaline fa c ilita t in g  evoked a c t iv ity  (Rogawski and Aghajanian, 
1980). In the superior co llicu lus , bo th  monoamines possess an 
in h ib ito ry  action  (Sato and Kayam a, 1983; L a i e t al. 1978). V isual 
co rte x  also receives an extensive m onoam inerg ic innerva tion  and 
m orpholog ica l exam ination o f synap tic  contacts  ind icates th a t both 
noradrenaline and 5 -hydroxy tryp tam ine  (5HT) fo rm  asym m etric  
con tac ts  w ith  dend ritic  shafts o r spines in  th is  region (Parnavelas e t 
a l. 1985).
In tr in s ic  in h ib ito ry  G ABAerg ic neurons are present in the superior 
co llicu lus , dorsal la te ra l gen icu la te  nucleus and w ith in  visua l co rtex  
(M ize e t al. 1982; F itz p a tr ic k  e t al. 1984: Houser e t al. 1984). In 
add ition , the local p ro jec tion  fro m  the  re t ic u la r  tha lam ic  nucleus to
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the  dorsal la te ra l gen icu la te  nucleus u tilis e s  G A B A  and acts to  in h ib it 
re la y  ce lls  in  th is  region (Kayam a, 1985).
The supe rio r co llicu lus , dorsal la te ra l g en icu la te  nucleus and visual 
c o rte x  a ll e x h ib it cho lineace ty ltransfe rase  and acety lcho lineste rase  
a c t iv i ty  (F ib ige r, 1982). These ch o line rg ic  p ro jec tions  are lik e ly  to  
o r ig in a te  in  the  basal fo reb ra in  o r nucleus cune fo rm is (Butcher and 
W oo lf, 1984). C ho linerg ic  fib res m odu la te  a c t iv ity  in  the  genicu lo- 
c o r t ic a l p ro je c tio n  (Singer, 1977) and m ay also fa c i l i ta te  e xc ita to ry  
transm iss ion  w ith in  visual co rtex  (Bear and Singer, 1986).
The p resen t s tudy has re lie d  on established ligand binding protoco ls 
to  exam ine sp e c ific  serotonergic, noradrenerg ic, G A BA erg ic and 
ch o lin e rg ic  recep to rs  in ana tom ica lly  d isc re te  components o f the 
v isua l system  a fte r  u n ila te ra l o rb ita l enucleation . The com bination 
o f in  v ivo  [u C ]-2-deoxyglucose autoradiography and in v it ro  ligand 
b ind ing  autoradiography has a llowed sim ultaneous measurement o f 
lo ca l ce reb ra l func tion  and n e u ro tra n sm itte r receptors w ith in  the 
same b ra in .
L igand  B ind ing . The p rin c ip le  find ing  o f the  present study was the 
heterogeneous response o f n e u ro tra n sm itte r recepto rs to  u n ila te ra l 
o rb ita l enuc lea tion . 5HT1 and p -adrenerg ic  recep to r binding were 
s e le c tiv e ly  reduced in the v isua lly -deprived  superior co llicu lus and 
dorsal la te ra l gen icu la te  nucleus fro m  5 days post-lesion, but unaltered
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in v isua l c o rte x  up to  20 days post-enuc lea tion . By co n tra s t, GABA 
re ce p to r b ind ing  was s p e c ific a lly  reduced on ly  a t 20 days post­
enuc lea tion  in  the  v isua lly -deprived  dorsal la te ra l gen icu la te  nucleus 
and v isua l co rte x , w h ils t 5HT2 receptors and ch o lin e rg ic  m uscarin ic  
recepto rs  w ere  una lte red  by u n ila te ra l enuclea tion . Thus, fo llo w in g  
lesioning o f th is  po lysynaptic  system, s p e c ific  n e u ro tra n sm itte r 
recepto rs  have occurred a t a p rim ary  and/or secondary synapse and 
w ith  d if fe re n t ia l tem pora l progression.
In te rp re ta tio n  o f these recep to r responses is dependent on th e ir  
c e llu la r lo ca lisa tion . A  loss o f presynaptic recep to rs  o r degenerating 
re t in a l p ro je c tio n  fib res  would be the m ost obvious exp lana tion  fo r 
reduced re ce p to r b inding in  regions rece iv ing  p rim a ry  p ro jec tions  from  
the re tin a , e.g. su p e rfic ia l layer o f the superior co llicu lu s  and dorsal 
la te ra l gen icu la te  nucleus. The existence o f a popu la tion  o f 5HT-| 
recepto rs  on o th e r non-serotonergic fibres (Cross & Deacon, 1985; Q u irion  
and R ichard  1987) ind icates the poss ib ility  o f a p resynap tic  population 
o f 5HT-, recep to rs  on g lu tam a te rg ic  re tin a l a ffe re n ts . Indeed, Segu 
and colleagues (1986) have proposed th a t 5HT recepto rs  e xe rt a pre­
synap tic  co n tro l on visua l input to  the co llicu lus . However, the 
ana tom ica l s e le c tiv ity  o f recepto r binding a lte ra tions  w ith in  
re t in o re c ip ie n t areas (i.e. lack o f binding asym m etries in  p re te c ta l 
nucle i) and the  d if fe re n t ia l tem pora l progression o f the  responses,
5HT1 and p -adrenerg ic  a t 5 days and G ABA a a t 20 days, argues 
against a w h o lly  p resynaptic  loca lisa tion  fo r  a ll re ce p to r changes.
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C e n tra l sero ton in  recep to rs  w ere f i r s t  c lass ified  in to  2 recepto rs  
subtypes; 5HT.|, w ith  h igh a f f in i ty  fo r  [3H ]-5H T and 5HT2 w ith  high 
a f f in ity  fo r  [3H ]-sp iperone (Peroutka and Snyder, 1979). M ore  re ce n t 
pharm aco log ica l studies in d ica te  he te rogene ity  w ith in  th e  SHT^ sites 
and have provided evidence fo r  the  existence o f 4 5H T1 re ce p to r 
subtypes; SHT^ A, B, c and D (Pazos e t al, 1984; Pedigo e t a l. 1981; 
Waeber e t al. 1988).
In the  present study the re  was no d iffe re n tia tio n  o f 5HT-, re ce p to r 
subtypes; 51-n^ recep to rs  w ere labelled w ith  high a f f in i ty  [3H ]-5H T 
binding and 5HT2 recep to rs  w ith  [ H ]-ke tanserin , a se le c tive  5HT2 
antagonist (Leysen e t al. 1981). A lthough [3H ]-5H T labels a ll fou r 
SHTt recep to r subtypes w ith  high a ff in ity ,  the  5HT1A and 5HT1B 
subtypes predom ina te  in  the  ra t  superior co llicu lus  and dorsal la te ra l 
gen icu la te  nucleus (Pazos e t al. 1988). 5HT1A receptors appear to  be 
loca ted  on postsynaptic  ta rge ts  o f serotonergic neurons (Verge e t al.
1986), w h ils t 5HT1B recep to rs  a c t as presynaptic au to receptors on 
sero tonerg ic te rm in a ls  (Engel e t al. 1986). Decreased [3H ]-5H T 
b inding in  superio r co llicu lu s  and dorsal la te ra l gen icu la te  nucleus may 
thus re f le c t  a p resynap tic  and/or postsynaptic re ce p to r d e fic it.  
However i t  is conce ivab le  th a t an increase in one o f these recep to r 
populations m ay be masked by a p ropo rtiona lly  la rge r decrease in  the 
o the r.
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As [3H ]-D H A  has s im ila r a f f in it ie s  fo r  bo th  0-, and 02 recep to rs  
(Palacios and Wamsley, 1984), the  s p e c ific  subtype components o f 
to ta l 0 -adrenoceptor b inding  w ere  no t d if fe re n tia te d  in the  p resent 
study. Thus, reduced [3H ]-D H A  b ind ing  in  the  superior co llicu lu s  and 
dorsal la te ra l gen icu la te  nucleus in the  v isua lly -deprived  hem isphere 
m ay have re fle c te d  an a lte ra tio n  in 0.| and/or 02 receptors. In th is  
respect, however, i t  is o f in te re s t th a t the  g rea t m a jo r ity  (90%) o f 0 - 
adrenoceptors in the ra t  dorsal la te ra l gen icu la te  are o f the  0-| 
subtype, w h ils t the 02-ad renocepto r predom inates in the  superio r 
co llicu lu s  (Rainbow e t al. 1984). I t  would thus seem lik e ly  th a t
u n ila te ra l enucleation  induced reductions in both 0 1 and 02 
adrenoceptor binding.
[3H ]-5H T  and [3H ]-D H A  b inding  d e fic its  in the v isua lly -deprived  
superio r co llicu lus  and dorsal la te ra l gen icu la te  progressed p a r i passu 
post-enuc lea tion . Both s truc tu res  exh ib ited  5HT1 and 0 -adrenerg ic  
re ce p to r d e fic its  a t 5 days post-enuc lea tion  and these responses were 
m ax im a l a t 10 days post-lesion. As 0-adrenoceptor ligands also bind 
5H T1S receptors w ith  re la t iv e ly  high a f f in ity  (Pazos e t al. 1985), i t  is 
possible th a t reductions in [3H ]-D H A  and [3H ]-5H T binding both re f le c t  
a loss o f 5HT1S receptors in  these areas. The m axim al d e f ic it  in  [3H ]- 
5HT and [3H ]-D H A  binding in  the  co llicu lus  and geniculate a t 10 days 
post-enuclea tion , coincides w ith  the  loss o f adenosine A-| receptors in  
these s truc tu res  (2.3), suggesting th a t the  p u ta tive  5HT1S recep to r loss 
could  be presynaptic, on degenerating re tin a l fib res. However, the
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re la t iv e ly  m ore  pronounced d e fic its  in  [3H ]-D H A  b inding in  the  
supe rio r co llicu lu s  post-lesion and th e  la ck  o f sym m etrica l in te r -  
hem ispheric  changes in [3H ]-D H A  and [3H ]-5H T  b ind ing  in  o the r v isua l 
s tru c tu re s  (e.g. visual co rtex), ind ica tes th a t  these tw o  ligands do not 
b ind  a sing le  s ite  and th a t p -adrenocep to r b ind ing  is reduced post­
lesion.
A n  a lte rn a tiv e  explanation fo r  the  sim ultaneous changes in  (3H ]-D H A  
and [3H ]-5H T  binding post-lesion m ay lie  in  the  proposed fun c tio na l 
lin k  betw een serotonergic and noradrenerg ic  systems in the  bra in  
(Ragowski and Aghajanian, 1980; M orrison  e t al. 1982; Bear and 
S inger, 1986). M ore spec ifica lly , se ro ton in  axons have been proposed 
to  re g u la te  p -adrenerg ic recep to r num ber and fu n c tio n  on postsynaptic 
ta rg e t ce lls  (S tockm eier e t al. 1985). The mechanism o f th is  
in te ra c tio n  is unknown but may be re la te d  to  an in fluence  o f serotonin 
on the  postsynaptic  tu rnover o f p -adrenoceptors (S tockm eier e t al. 
1985). As both the superior co llicu lus  and dorsal la te ra l gen icu la te  
re ce ive  in h ib ito ry  serotonergic inpu t fro m  the dorsal raphe nucleus 
(Steinbusch, 1984), a ltered neurom odula tory sero tonerg ic input post­
enuc lea tion  m ay be responsible fo r  sim ultaneous changes in  both 5HT-] 
recep to rs  and p-adrenoceptors in  these regions. However, serotonin 
leve ls in  bo th  structures have been found to  be unalte red post­
enuc lea tion  (La i e t al. 1978).
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The m echanism  and loca tion  o f 5HT1 and (3-adrenergic changes post-
I
enuclea tion  is thus unclear bu t i t  seems lik e ly  th a t  a p ropo rtion  of, 
a t least, 5HT1 recepto rs  s ites are los t on degenera ting  re t in a l fib res. 
Such a lo ca tio n  fo r  5HT1 receptors would be cons is ten t w ith  the 
proposed p resynap tic  in h ib ito ry  ro le  fo r  these sites in  depressing the 
spontaneous o r synap tica lly  evoked a c t iv ity  o f dorsal la te ra l 
gen icu la te  ce lls  (Rogawski and Aghajanian, 1980).
In co n tra s t to  [3H ]-5H T and [3H ]-D H A  b inding, [3H ]-m usc im o l binding 
in  the  v isua lly -dep rived  hemisphere was on ly s ig n if ic a n tly  a lte red  at 
20 days post-enuclea tion . A t  th is  t im e  p o in t, [3H ]-m uscim o l was 
reduced in  bo th  the  dorsal la te ra l gen icu la te  and visua l co rtex , but 
una lte red  in  superio r co llicu lus. Thus, both  the  ana tom ica l s p e c ific ity  
and tem po ra l progression o f [3H ]-m uscim ol b ind ing  a lte ra tions  post­
enuc lea tion  va ried  fro m  those o f [3H ]-5H T and [3H ]-D H A .
[3H ]-M usc im o l labels low  a ff in ity  and high a f f in ity  G ABA a receptors 
w ith  a K d o f approx im a te ly  50nM and 5nM re sp ec tive ly  (Beaumont e t 
al. 1978). A t  lOnM, the ligand concen tra tion  in  the  present study, 
[3H ]-m usc im o l is lik e ly  to  label p redom inantly  h igh a f f in ity  GABAa 
recep to rs , a lthough a sm all p roportion  o f b inding  m ay be to  low 
a f f in i ty  s ites. The lack o f co rre la tion  between h ig h -a ff in ity  GABA 
b ind ing s ites and G A B A -stim u la ted  flu n itraze p am  b inding (Unnerstall 
e t a l. 1981) suggests th a t only a low a f f in ity  subpopulation o f GABAa 
recep to rs  are linked to  benzodiazepine recepto rs  w ith in  the G ABA-
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ch lorid e ionophore co m p lex .
The loss o f [3H ]-m usc im o l b inding in v isua lly -dep rived  v isua l co rte x  
was lam ina r s p e c ific  fo r  layers IV -V I. C o rtic a l la ye r IV  is the  m a jo r 
te rm in a tio n  la ye r fo r  g en icu lo -co rtica l p ro je c tio n  fib re s , w h ils t 
pyram ida l ce lls  in  layers V /V I are the cells o f o r ig in  fo r  c o rt ic o -fu g a l 
p ro jec tions to  superio r co llicu lu s  and dorsal la te ra l g en icu la te  (Sefton 
and D reher 1985). U n ila te ra l o rb ita l enucleation is thus associated 
w ith  G ABA a re ce p to r b inding d e fic its  in both inpu t and o u tp u t layers 
o f v isua lly -dep rived  visua l co rtex . The s e n s itiv ity  o f in tra c o r tic a l 
G A B A erg ic  mechanisms to  visua l depriva tion  has also been con firm ed  
in m onkey v isua l co rte x  where reduced numbers o f im m unostained 
G A B A erg ic  neurons are found in  the deprived-eye dom inance columns 
o f enucleated anim als (Hendry and Jones, 1986). W ith in  v isua l co rtex , 
a num ber o f in tr in s ic  interneurons, including aspinous and sparsely 
spinous s te lla te  ce lls  and chandelier cells (Houser e t al. 1984), u tilis e  
G ABA as an in h ib ito ry  tra n s m itte r. GABAa recepto rs  are lik e ly  to  
e x is t on the  postsynaptic  ta rge ts  o f G ABAerg ic innerva tion  (pyram ida l 
ce lls  and o th e r in terneurons) where they m ediate  G ABA in h ib itio n  
(S illito , 1984). Reduced G ABA a recepto r binding in  v isua lly -deprived  
v isua l co rte x  m ay re f le c t  a d is inh ib ition  o f c o r t ic a l neurons as a 
consequence o f reduced G ABA a recep to r n u m b e r/a ffin ity . The loss 
o f c o r t ic a l G A BA a recepto rs  post-enucleation contrasts  w ith  the 
s ta b il ity  o f these sites a fte r  early  monocular dep riva tion  (M ower e t 
al. 1986) and suggests th a t G ABA a recep to r p la s tic ity  in  v isua l co rtex
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is no t a continuum  o f the  in vo lvem en t o f these sites in  c o r t ic a l 
developm ent. In a s im ila r fash ion to  v isua l co rtex , the  loss o f G ABA a 
re ce p to r binding in  the  v isu a lly -d e p rived  dorsal la te ra l gen icu la te  
nucleus may ind ica te  a re d uc tio n  in  the  in h ib ito ry  in flu en ce  o f both  
in tr in s ic  G A BA erg ic neurons and /or G A B A erg ic  in p u t fro m  the  
re t ic u la r  tha lam ic  nucleus. In v iew  o f the  lack o f re t in a l inpu t, the 
fun c tio na l im portance o f a se le c tive  loss o f G ABA a re ce p to r b inding 
a t the  p rim a ry  and secondary synapses o f the  re t in o -c o r t ic a l axis is 
unclear. These sp ec ific  adjustm ents in  in h ib ito ry  re ce p to r param eters 
were, however, accom panied by fun c tio na l re -o rgan isa tion  post­
enucleation.
Glucose Use and R ecepto r P la s tic ity . The c e llu la r func tions  and 
energy requirem ents o f ce rebra l tissue are in tim a te ly  re la ted . As 
energy requirem ents are derived fro m  ox ida tive  ca tabolism  o f glucose, 
m easurem ent o f loca l ra tes o f glucose u tilis a tio n  provide d ire c t ins igh t 
in to  the  leve l o f fun c tio na l a c t iv ity .  A lthough a ll s tru c tu ra l e lem ents 
w ith in  any anatom ica l reg ion w il l  co n tribu te  to  its  ra te  o f glucose 
u tilis a tio n , a lte ra tions in  glucose m etabolism  appear to  p redom inantly  
re f le c t  a c t iv ity  in  neuronal te rm ina ls  (M ata e t al. 1980; Sejnowski e t 
a l. 1980).
A t  1 day post-enucleation  the re  was an im m edia te  and m axim a l 
d e f ic it  in  glucose u tilis a t io n  in  both  p rim a ry  and secondary visual 
s truc tu res  in  the  v isua lly -deprived  hemisphere. The degree o f
m e tabo lic  depression w ith in  v isua l s tructures was d ire c t ly  re la ted  to
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the  leve l o f re tin a l input. Thus, p r im a ry  v isua l s truc tu res  rece iv ing  
d ire c t re t in a l p ro jects  (superior co llicu lu s , dorsal la te ra l gen icu la te) 
e xh ib ite d  m ore p rom inant d e fic its  in  glucose use than, fo r  exam ple, 
v isua l co rte x , which receives no d ire c t re t in a l input. The degree o f 
m e ta b o lic  depression in the  v isu a lly -d e p rived  superior co llicu lus  va ried  
as a fu n c tio n  o f post-enuclea tion  su rv iva l tim e . Thus, by 20 days 
post-enuc lea tion , glucose u til is a t io n  in  the  v isua lly -deprived  superio r 
co llicu lu s  was 23% greate r than th a t a t 1 day post-lesion. In co n tra s t 
to  a previous se m i-q u an tita tive  study (Cooper and Thurlow , 1985) 
th e re  was no s ta t is t ic a lly  s ig n ific a n t recovery  in m e tabo lic  a c t iv ity  
in  any o the r visual s tructu res in the  v isua lly -deprived  hemisphere. 
Increased g lia l ce ll m etabolism  due to  re a c tiv e  gliosis or a rte fa c tu a l 
increm ents in o p tica l density  measurements due to  increased 
ce llpack ing , would be possible in te rp re ta tio n s  o f th is  apparent 
fu n c tio n a l diaschisis. However, the  reported  a ttenua tion  o f th is  
response a fte r  visual co rtex  ab la tion  (Thurlow  and Cooper, 1985) is 
supportive  o f a com pensatory po lysynap tic  mechanism. Thus i t  is 
apparent th a t enhanced c o r t ic o - te c ta l a c t iv ity  can act to  increase 
lo ca l ce rebra l func tion  in  the  d ea ffe ren ta ted  superior co llicu lus. A  
reo rgan isa tion  o f polysynaptic fun c tio na l a c t iv ity  is suggestive o f 
p la s t ic ity  in  visua l system c irc u itry .
The t im e  courses o f fun c tio na l and recep to r responses post­
enuc lea tion  were c le a rly  d if fe re n t. Loca l cerebra l function  was 
m a x im a lly  reduced in both p rim a ry  and secondary visual s tructures a t
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1 day post-enuc lea tion , w h ils t the  e a r lie s t re c e p to r a lte ra tio n  was not 
apparent u n t il 5 days post-lesion. A ltho u gh  delayed responses, 
re c e p to r a lte ra tio n s  occurred only in  those areas e x h ib itin g  func tiona l 
d e fic its , a t bo th  p rim a ry  and secondary synapses. Fu rthe rm ore , the 
d ire c t c o rre la tio n  o f 5HT-, and p -adrenerg ic  re ce p to r d e fic its  w ith  the 
le ve l o f m e ta b o lic  depression in the  v isu a lly -d e p rived  hemisphere 
ind ica tes  th a t those visual s truc tu res  expressing the  g reatest 
fu n c tio n a l d e fic its  e xh ib it the m ost p rom inen t a lte ra tio n s  in  these 
recep to rs . In v iew  o f the d if fe re n tia l lo ca lisa tio n  o f recepto rs (pre- 
o r postsynap tic), th e ir  physiological fu n c tio n  (in h ib it io n  o r exc ita tio n ) 
and th e ir  in fluence  on transynaptic  events, such as re la tionsh ip  is not 
p re d ic ta b le . Nevertheless, a co rre la tio n  o f fu n c tio n a l d e f ic it  and 
re c e p to r response indicates th a t these s ite  sp e c ific  recep to r 
a lte ra tio n s  are dependent, to  some degree, on the  leve l o f loca l 
ce re b ra l fu n c tio n . I t  is, however, curious th a t, w ith in  th is  system, 
d is tu rbed  v isua l input and loss o f visual inpu t can induce q u a lita tiv e ly  
d if fe re n t  e ffe c ts  on the same recep to r popu la tion : decreased [ H ]- 
D H A  b ind ing  in the visua lly-deprived superio r co llicu lus  and dorsal 
la te ra l gen icu la te  nucleus a fte r u n ila te ra l o rb ita l enucleation (this 
study) con tras ts  w ith  the reported increase in  [3H ]-D H A  binding in 
these s tru c tu re s  a fte r  monocular dep riva tion  (Schliebs e t al. 1982). 
Th is suggests th a t these receptors m ay be d if fe re n t ia l ly  regulated by 
bo th  th e  na tu re  and degree o f a fun c tio na l loss w ith in  the  system.
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The degree o f fu n c tio n a l d e f ic i t  in  the  d e a ffe re n ta te d  superior 
co llicu lus  was s ig n if ic a n tly  reduced a t 10 and 20 days post­
enucleation . The precise mechanism fo r  th is  m e ta b o lic  recovery  is 
unknown b u t m ay be re la ted  to  reo rgan isa tion  o f synap tic  input 
(sprouting) (Rhoades, 1984) and/or a lte ra tio n s  in  CNS recep to r 
fun c tio n . The se lec tive  a lte ra tions  in n e u ro tra n s m itte r recepto rs  in 
the present s tudy conincide w ith  the onset o f m e ta b o lic  recovery  in 
the  d ea ffe re n ta te d  superior co llicu lus. A t  10 days post-enuc lea tion , 
5HTT and P -adrenerg ic recep to r a lte ra tions are m a x im a lly  expressed 
in both  the  superio r co llicu lus  and dorsal la te ra l gen icu la te  nucleus 
and increased m e tabo lic  recovery in the  d e a ffe re n ta te d  superior 
co llicu lus  a t 20 days post-enucleation is accom panied by G ABAa 
recep to r loss in both the  dorsal la te ra l gen icu la te  and v isua l co rtex . 
As the  superio r co llicu lus  receives a ffe re n ts  fro m  both  the  dorsal 
la te ra l gen icu la te  and visual co rtex, i t  is possible th a t the 
po lysynaptic  ad justm ent in  se lective  n eu ro tra nsm itte r recepto rs may 
co n trib u te  to  the  func tiona l reorganisation post-enucleation. 
S e lective  changes in  the  adenylate cyclase system  in  the  v isua lly - 
deprived superio r co llicu lus  and dorsal la te ra l gen icu la te  post­
enucleation  (Horsburgh e t al. 1988) ind icates a lte red  receptor 
transduction  mechanisms in  these regions post-enucleation.
In conclusion, u n ila te ra l enucleation induced se lec tive  a lte ra tions in 
n e u ro tra n sm itte r receptors in  visual s tructures exh ib itin g  functiona l 
d e fic its . The tem pora l and regional he te rogene ity  o f the  5HT-,, p -
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adrenerg ic and G A BA a re ce p to r changes and the s ta b il ity  o f 5HT2 and 
cho line rg ic  m uscarin ic  recep to rs  ind icates th a t the  in te g r ity  o f some, 
b u t no t a ll, recepto rs  is co n tro lle d  by ac tiv ity -d ep e nd e n t m echanisms 
and is supportive  o f a se le c tive  adjustm ent o f v isua l system  c irc u it r y  
post-enuclea tion. These p la s tic  recep to r responses m ay c o n tr ib u te  to  
the  reorgan isa tion  o f po lysynap tic  func tion  post-enuc lea tion .
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DISCUSSION
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M icrod issec tion  techniques in  com bination  w ith  s p e c ific  ligand  b inding procedures 
(see B enne tt and Yam am ura, 1985) have a llow ed pharm aco log ica l and k in e tic  
ch a ra c te risa tio n  o f ind iv idua l n e u ro tra nsm itte r recep to rs  and provided some 
in fo rm a tio n  on organ and reg ion d is trib u tio n  o f these sites. However, the lack o f 
ana tom ica l re so lu tio n  and se n s itiv ity  o f tissue hom ogenate methods has lim ite d  
th e ir  usefulness in  studies o f the brain, an organ o f com plex c e llu la r com position 
and organised ana tom ica l in te rco n n e c tiv ity . O nly w ith  the  developm ent o f in 
v it ro  ligand b ind ing  autoradiography (Kuhar, 1981; U nn e rs ta ll e t al. 1982; Rainbow 
e t al. 1982) has the  exam ination  o f n e u ro tra n sm itte r recep to rs  in CNS tissue 
re ta in in g  its  ana tom ica l and ce llu la r com position been possible. In v iew  o f the 
fundam enta l s tru c tu re -fu n c tio n  re la tionsh ips ex is ting  in  CNS tissue, recep to r 
auto rad iography provides an invaluable technique fo r  b ra in  recep to r studies.
As re ce p to r autorad iography allows v isua lisa tion  o f recepto rs, the  m ost obvious, 
and com m on, a pp lica tion  o f the technique has been in establish ing recep to r maps, 
fo r exam ple fo r  g lu tam a te  receptors (Greenamyre e t al. 1984a; Monaghan and 
Cotm an, 1985). This has allowed co rre la tion  o f physio log ica l/pharm aco log ica l 
e ffe c ts  and s p e c ific  re ce p to r d is tributions. The s e n s itiv ity  o f the technique had 
also been in s tru m e n ta l in  the deriva tion  o f recep to r subtypes, some o f which may 
be concen tra ted  in  se lec tive , anatom ical regions, as is the  case fo r 5HT (Cortes 
e t a l. 1984) and N M D A  (Monaghan e t al. 1988) receptors. However, perhaps the 
m ost in s ig h tfu l aspect o f in  v itro  recep to r autoradiography is the a b ility  to  
inves tiga te  re c e p to r dynamics w ith in  ind iv idua l components o f CNS systems. 
Studies o f re c e p to r regu la tion  a fte r b r a i n  lesions have provided in form ation
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on both  the  c e llu la r lo ca lisa tion  o f receptors and th e ir  in vo lvem en t in  spec ific  
b ra in  pathways (Chang e t al. 1980; Q uirion  e t al. 1985; Pan e t a l. 1985; Wenk 
and Engisch, 1986; Cross and Deakin, 1985; M antyh  and H un t, 1986). The 
a p p lic a b ility  o f re ce p to r autoradiography to  human p os tm o rte m  b ra in  tissues has 
now made i t  possible to  d ire c t ly  study recep to r d is tr ib u tio n  and densities in 
p a tie n ts  dying w ith  neuropsych ia tric  or neurodegenerative diseases, such as A .D ., 
p o te n tia lly  p rov id ing  in fo rm a tio n  o f ae tio log ica l and /or th e ra p e u tic  re levance.
Previous hypotheses im p lic a tin g  the  g lu tam aterg ic  system  in  the  ae tio logy o f A .D . 
have emphasised the  e x c ito to x ic  properties o f g lu tam ate , proposing th a t neuro- 
pa tho log ica l changes and neuronal death resu lt as a consequence o f g lu tam a te rg ic  
h y p e ra c tiv ity  (Maragos e t al. 1987; Greenamyre e t al. 1988). C onsistent w ith  
th is  pa thogene tic  m echanism , the  d is tribu tion  o f senile plaques and n e u ro fib r illa ry  
tangles w ith in  the  ce rebra l co rtex  have been proposed to  c o rre la te  w ith  the 
te rm in a l fie lds  o f g lu ta m a te rg ic  association pathways (Pearson e t al. 1985; Rogers 
and M orrison, 1985) and g lu tam ate  recepto r-m ed ia ted  c o rt ic a l n eu ro tox ic ity  
induces su bco rtica l pa tho log ica l changes in experim enta l anim als rem in iscen t o f 
those in  A .D . (Sofron iew  and Pearson, 1985). However, an in e v itab le  consequence 
o f such an e x c ito to x ic  mechanism should be the loss o f g lu tam a te  receptors as the 
c o r t ic a l neurons on w h ich  they are located progressively degenerate. This was 
no t a general fe a tu re  o f the  present investigations in  A .D . cerebra l co rtex. 
Indeed, in  bo th  fro n ta l and tem pora l co rtex from  A .D . pa tien ts , the re  was an 
o ve ra ll s ta b il ity  o f  g lu tam a te  recep to r binding, w ith  only N M D A receptors 
e xh ib itin g  a s lig h t d e f ic i t  in  the  m ost outer layers o f fro n ta l co rtex .
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F u rthe rm ore , i t  is possible th a t, in  the  presence o f reduced p resynap tic  binding 
([3H]-D-aspartate) in  fro n ta l co rtex , the  increase in  ka ina te  re c e p to r numbers in 
th is  reg ion  m ay be the  re su lt o f a denerva tion  supe rsens itiv ity  re a c tio n , in d ica tive  
o f g lu ta m a te rg ic  hypo function , ra th e r than hyperfunction . In th is  respect, i t  is 
o f in te re s t th a t rem ova l o f g lu ta m a te rg ic  re tin a l inpu t in  the  ra t  v isua l system  
was shown to  re su lt in  a se lec tive  increase in ka ina te  re ce p to r numbers in  the 
v isu a lly -d e p rived  superior co llicu lus  post-lesion. A lthough  the  v isua l system  is 
by no means a model o f in tra c o r tic a l e x c ita to ry  transm ission, th is  response does 
e x e m p lify  the p la s tic  capa b ilitie s  o f the  ka inate  re ce p to r under cond itions o f 
p resynap tic  g lu tam a te rg ic  d e f ic it .  Thus, i t  is conce ivab le  th a t loss o f 
g lu ta m a te rg ic  input, w hether occurring  s low ly during a disease process o r rap id ly  
th rough  lesioning, could produce a s im ila r postsynaptic re ce p to r response. I t  is 
n o te w o rth y  th a t q u a n tita tive  autoradiography was c ru c ia l in  the  d e te c tion  o f 
increased ka inate  recep to r b inding re s tr ic te d  to  deep layers o f A .D . fro n ta l 
c o rte x . A  recen t study using homogenate preparations o f fro n ta l co rte x  from  
A .D . brains fa ile d  to  dem onstra te  any s ig n ifican t a lte ra tio n  in  ka ina te  recep to r 
b ind ing  (Cowburn e t al. 1989).
A t  face  value, the s ta b il ity  o f g lu tam ate  recepto r binding in  A .D . ce rebra l co rtex  
is n o t supportive  o f preceding c o rtic a l g lu tam aterg ic  h yp e ra c tiv ity . However, 
resu lts  in d ica tin g  the  existence o f ’’threshold ing” phenomena fo r  the  m aintenance 
o f g lu ta m a te  recep to r densities in  the  A .D . bra in (Geddes e t al. 1986) and the 
in vo lvem en t o f g lu tam a te  recepto rs in  synaptic p la s tic ity  (Geddes e t al. 1985), 
suggest th a t e x c ito to x ic  in te rp re ta tion s  o f a ll g lu tam ate  recep to r a lte ra tions in
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A .D . pos tm o rtem  tissue m ay be m yop ic . Hence, a t end-stage o f the  disease 
process, g lu tam a te  recep to r a lte ra tio n s  m ay be a consequence o f a 
neurodegenera tive  and/or neuroregenera tive  process. The a b ility  o f  recep to rs  to  
respond to  the  neurodegenerative process in  A .D . does not appear to  be s p e c ific  
to  th e  g lu ta m a te rg ic  system. P robst and colleagues (1988) used q u a n tita tiv e  
au to rad iog raph ic  techniques to  sim ultaneously measure both cho line rg ic  m usca rin ic  
re ce p to rs  and pyram ida l ce lls in  A .D . hippocampus. The resu lts o f these studies 
in d ica te d  th a t the  ra tio  o f m uscarin ic  recepto rs per neuron in A .D . bra ins tended 
to  be h igher than in  both young and o ld contro ls , w ith  decreases in  re ce p to r 
num bers on ly apparent in those cases showing severe neuronal fa l l-o u t.  This 
response was also evident fo r  benzodiazepine, GABAa, 5HT2 and som a tosta tin  
re ce p to rs . An up-regu la tion  o f c o r t ic a l g lu tam ate  receptors on su rv iv ing  
p y ra m id a l ce lls  may, the re fo re , exp la in  the  re la tiv e  s ta b il ity  o f g lu tam a te  
re c e p to r b inding  in  A .D . tem pora l co rte x  in  the  present studies. I f  such a 
com pensa to ry  recep to r mechanism is ubiquitous in neu ropa tho log ica lly -a ffec ted  
areas o f the  A lzhe im er bra in , however, fu tu re  recepto r studies m ust also 
in co rp o ra te  neuronal q u a n tifica tio n , as damaged c irc u itry  m ay no t always be 
d e te c ta b le  by sim ple comparison o f co n tro l and A .D . recep to r densities.
A lth o u g h  i t  is possible th a t receptors responses may be "masked by increased 
re ce p to r/n e u ro n  ra tio s  in A .D . tem pora l co rtex , the s ta b ility  o f [ H ]-D-aspartate 
b ind ing  in  th is  reg ion  suggests th a t presynaptic g lu tam aterg ic  te rm ina ls  are 
u na lte re d . A  loss o f presynaptic g lu tam a te rg ic  sites in fro n ta l bu t no t tem pora l 
c o rte x  in  A .D . brains in  no t e n tire ly  concordant w ith  the proposal th a t
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neu ropa tho log ica l changes in cerebra l co rte x  are propagated along c o rt ic o -c o rt ic a l 
fib re s  (Pearson e t al. 1985). A ssocia tion  fib re s  arise fro m  g lu ta m a te rg ic  
p y ra m id a l ce lls  in  c o rt ic a l layers I I / I I I  and V and te rm in a te  in  the  same lam inae 
o f connected  areas (Jones, 1981). The sequence o f c o r t ic o -c o r t ic a l links begins 
in  sensory areas and passes through the po lym odal association areas o f p a r ie to ­
te m p o ra l and fro n ta l co rtex  to  the c ingu la te  co rte x  and hippocampus (Jones and 
P ow e ll, 1970). Successive steps in the  p a rie to te m p o ra l lobe are re c ip ro ca lly  
connected w ith  the  corresponding step in  the  fro n ta l lobe. The lack o f 
a lte ra tio n s  in  bo th  pre-and postsynaptic g lu ta m a te rg ic  sites in  A .D . tem pora l 
c o rte x  suggests th a t in tra c o rtic a l transm ission is una lte red  in  th is  region. This 
m ay be in te rp re te d  as ind ica ting  th a t only se lec tive  association fib res are a ffe c te d  
by th e  neurodegenera tive  process, a llow ing ’’sparing" o f some association areas o f 
c o rte x . H ow ever, assuming th a t senile plaques are d is trib u te d  a t the te rm in a l 
reg ions o f degenerating c o rtic o -c o rtic a l fib res  (Pearson e t al. 1985), th is  
exp lana tion  is a t odds w ith  the comparable numbers o f senile plaques in  A .D . 
f ro n ta l and tem po ra l co rtex  in the present investiga tions. I t  can be concluded 
th a t g lu ta m a te rg ic  dysfunction  need not be a p rim a ry  event in the  developm ent 
o f neu ropa tho log ica l changes in A .D . cerebra l co rte x  bu t m ay con tribu te  to  the  
p a tte rn  o f change as the  disease progresses. The d ire c t co rre la tion  o f ka ina te  
re c e p to r u p -re gu la tion  and senile plaque numbers in  A .D . fro n ta l co rtex  suggests 
th a t ka in a te  re ce p to r p la s tic ity  and s tru c tu ra l changes are linked in  th is  region.
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F ro n ta l co rte x  has w idespread connections w ith  o th e r c o r t ic a l areas (Jones and 
Pow ell, 1970) and is fundam enta l to  the  in te g ra tio n  o f h igher m en ta l functions 
(M iln e r and P e trides, 1984). A lthough tem pora l c o rte x  and hippocampus have 
been the  ana tom ica l fo c i o f m ost neurochem ical studies in  A .D . because o f th e ir 
ro le  in  lea rn ing  and m em ory, pa tien ts  w ith  A .D . m ay also show patte rns o f 
co g n itive  dec line  w h ich  are s im ila r to  those found in  p a tie n ts  w ith  foca l fro n ta l 
lesions (H a rt e t  a l. 1988). A lte ra tio n s  in pre-and postsynap tic  g lu ta m a te rg ic  sites 
in  A .D . fro n ta l c o rte x  m ay represent the neurochem ical basis fo r  the  d isruption  
o f c o r t ic a l processing in  th is  region and co n tribu te  to  the  fu n c tio n a l changes found 
•here in  PET stud ies o f A lzh e im e r patien ts  (Foster e t al. 1983; H o ro w itz  e t al.
1987).
U n like  fro n ta l co rte x , ce rebe lla r co rtex  is not a b ra in  area o f obvious patho­
phys io log ica l im p o rta nce  in  A .D . C erebe lla r "signs” are n o t genera lly  a p rom inent 
fe a tu re  o f A .D . sym ptom ato logy (Huppert and Tym , 1986) and neuropathological 
changes, such as senile  plaques, are not found in g rea t numbers w ith in  the 
cerebe llum . In v ie w  o f th is , the  func tiona l s ign ificance  o f reduced quisqualate 
re ce p to r numbers in  th is  reg ion o f the A .D . b ra in  is no t im m ed ia te ly  obvious. 
However, re tro s p e c tiv e  exam ination  o f c lin ic a l notes revealed th a t fou r o f the six 
A .D . p a tie n ts  used in  these studies exh ib ited  physical signs in d ica tive  o f possible 
ce rebe lla r im p a irm e n t. Three patien ts were noted to  have "w ide" or unsteady 
g a it and one showed im pa ired  heel-shin co -o rd ina tion . I f  these cerebe lla r signs 
are a consequence o f  reduced e xc ita to ry  inpu t to  ce rebe lla r P urk in je  cells, i t  
ind icates th a t fu n c tio n a lly  re levan t a lte ra tions in  g lu ta m a te rg ic  transm ission may
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precede any gross m a n ife s ta tio n  o f neuropatholog ica l changes in  A .D . cerebe llum . 
A lte ra tio n s  in n e u ro tra n sm itte r recepto rs  preceding a s tru c tu ra l change have also 
been reported  in  H u n tin g to n ’s disease (W alker e t al. 1984). Thus i t  is apparent 
th a t  changes in neurotransm ission param eters in human neurodegenera tive  diseases 
m ay n o t always occur s im p ly  as a consequence o f c e llu la r degenera tion. I t  is, 
how ever, u n like ly  th a t loss o f quisqualate receptors fro m  A .D . ce rebe llum  is a 
genera l fea tu re  o f the  disease, b u t ra th e r a resu lt o f a la te -s ta g e  progression o f 
th e  pathophysio log ica l process.
A ltho u gh  the use o f human postm ortem  bra in  tissue provides a means o f d ire c t ly  
assessing the in te g r ity  o f n eu ro transm itte r param eters in  A .D ., i t  presents 
p o te n tia l problem s in  re la tio n  to  t im e - and tem pera ture-dependent changes in 
m em brane re ce p to r s ites. I t  is apparent from  studies in  ra t  b ra in  th a t the 
s u s c e p tib ility  o f n e u ro tra n sm itte r receptors to  postm ortem  changes is not 
homogeneous. F o llow ing  tw o  hours a t 25°C, Kuhar e t a l. (1973) found a 
s ig n if ic a n t decrease in  b ra in  dihydrom orphine binding w h ils t tim e-dependent 
increases in both  [3H ]-d iazepam  and [3H ]-flun itrazepam  have been observed 
pos tm o rtem  (Syapin e t al. 1987; Whitehouse e t al. 1984). In v iew  o f the 
s ig n if ic a n tly  sho rte r postm ortem  delay tim e  in the A .D . p a tie n t group in the 
p resen t study, 8 ± 2 hours, in  comparison to  the con tro l group, 15 ± 2 hours, i t  is 
possible th a t tim e-dependen t changes in  g lu tam ate receptors p r io r  to  freez ing  may 
have in fluenced  resu lts . Thus i t  could be proposed th a t increased ka inate 
re c e p to r numbers in  A .D . fro n ta l co rtex  are m ere ly  a consequence o f g reate r 
p reserva tion  o f the  s ites re la tiv e  to  contro ls and th a t quisqualate recep to r
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*  L in e a r c o rre la tio n  c o -e ff ic ie n ts  fo r  c o n tro l and A .D . groups 
re sp e c tiv e ly  w ere ; r=0.118 and r=0.684 fo r  ka in a te  re c e p to r b ind ing  in  
deep layers o f fro n ta l c o rte x  and r=0.667 and r=0.284 fo r  qu isqua la te  
re c e p to r b ind ing  in  the  m o le cu la r la ye r o f  the  ce rebe llum .
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num bers in  the  cerebe llum  increase w ith  postm ortem  delay. S evera l fac to rs , 
how ever, argue against such explanations. F irs tly , bo th  th e  ka in a te  and 
qu isqua la te  recep to r responses w ere a na tom ica lly  sp ec ific , w h ich  w ou ld  n o t be 
cons is ten t w ith  a general pos tm o rtem  phenomenon. M oreover, in  each case, the  
re c e p to r change was con fined  to  a p a rtic u la r c o rt ic a l o r c e re b e lla r laye r, 
in d ic a tin g  th a t any postm ortem  in fluence  on recep to r in te g r ity  w ou ld  have to  be 
la m in a r sp ec ific . Secondly, the re  was no s ig n ific a n t re la tionsh ip  betw een e ith e r
ka in a te  o r quisqualate re ce p to r b inding  and postm ortem  delay in  c o n tro l o r A .D .
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p a tie n t groups. F in a lly , resu lts  fro m  ra t  models, in which the  p os tm o rtem  cooling  
cu rve  approxim ated to  th a t observed in  human tissue, ind ica te  th a t tw o  g lu tam a te  
re c e p to r subtypes, N M D A  and ka inate , are stable up to  72 hours postm ortem  
(Geddes e t al. 1986; Geddes e t a l. 1985). The s ta b il ity  o f ka ina te  recep to rs  has 
also been dem onstrated in  the  human hippocampus up to  22 hours postm ortem  
(T rem b lay  e t al. 1985). A l l  o f the  above evidence ind icates th a t  postm ortem  
de lay  is lik e ly  to  have m in im a l in fluence  on the recep to r changes observed in 
these postm ortem  studies.
I t  is e v iden t fro m  investiga tions in  the  ra t  visual pathway th a t re ce p to r p la s tic ity  
w ith in  a po lysynap tic  system  m ay occur a t a p rim a ry  or secondary synapse a fte r  
an in i t ia l  lesion. M oreover, in  add ition  to  changes in g lu tam ate  recep to rs  (ka inate, 
qu isqua la te), a lte ra tions  in  recep to rs  fo r  fu n c tio n a lly  re la ted  b u t non-lesioned 
n e u ro tra n s m itte r systems m ay also occur (5HT-|, p -adrenerg ic, G ABAa) and 
re c e p to r responses m ay be o f p re - and /o r postsynaptic lo ca lisa tion . E x trap o la tion  
o f  these resu lts  to  re ce p to r studies in  human postm ortem  tissue suggests th a t the
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s tim u lu s  fo r  any recep to r p la s tic ity  in  A .D . b ra in  m ay be m u lt ifa c to r ia l and o f 
lo ca l o r d is ta n t ana tom ica l o rig in . Such in fluences m ay obviously co m p lica te  
m e ch a n is tic  in te rp re ta tio n  o f re ce p to r changes in  A .D ., especia lly  in  cases where 
a s p e c ific  postsynap tic  recep to r s ite  is s tud ied  in  iso la tion . The sim ultaneous 
assessment o f bo th  p re - and postsynaptic g lu ta m a te rg ic  sites in the  present studies 
has a llow ed  id e n tif ic a t io n  o f loca l and possible transynap tic  in fluences on re ce p to r 
responses. K a ina te  recep to r up -regu la tion  in  A .D . fro n ta l co rtex  was in t im a te ly  
re la te d  to  lo ca l neuropathology and accom panied by a presynaptic  b inding  d e f ic it ,  
b u t qu isqua la te  re ce p to r loss in cerebe llum  occurred in  the  absence o f p resynap tic  
g lu ta m a te rg ic  change or s ig n ifica n t neuropatho log ica l lesions. W hile i t  seems 
lik e ly  th a t  the  ka ina te  response in  fro n ta l co rte x  is re la ted  to  c o r t ic a l 
g lu ta m a te rg ic  changes, quisqualate re ce p to r a lte ra tio n s  in cerebellum  m ay re su lt 
fro m  d ys fu n c tion  in  an ana tom ica lly  re la te d  area, (possibly cerebra l c o rte x  v ia  
c o rtic o -p o n tin e  and pon to -cerebe lla r pathways), o r fu n c tio n a lly  re la ted  system , 
c e re b e lla r G A B A erg ic  pathways. A lthough  some recep to r responses in  A .D . 
p os tm o rte m  tissue m ay resu lt fro m  a lte ra tio n s  in  re la ted  CNS systems, the  
p resen t resu lts  s trong ly  suggest a p rim a ry  d e f ic it  in  c o rtic a l g lu ta m a te rg ic  
transm iss ion .
A lte ra t io n s  in  g lu ta m a te rg ic  s ites in  A .D . postm ortem  tissue ind icates th a t 
g lu ta m a te rg ic  neurotransm ission is d isrupted a t end-stage o f the disease process. 
Th is ’’snapshot”  o f g lu ta m a te rg ic  fun c tio n , however, provides lim ite d  in fo rm a tio n  
on th e  m echanism  o f preceding changes in  e x c ita to ry  transm ission in  re la tio n  to  
th e  progression o f the  disease process. The inheren t in te rp re ta tive  d if f ic u lt ie s
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in  e x tra p o la tin g  fro m  postm ortem  re ce p to r da ta  to  the  in  v ivo  s itu a tio n  are 
perhaps best illu s tra te d  by the  co n tra d ic to ry  proposals fo r  bo th  g lu tam a te  agonist 
(D eutsch and M orih isa , 1988) and g lu tam a te  an tagon is t (W oodru ff e t al. 1988) 
the rapy  in  A .D . A lthough  resu lting  in  essen tia lly  opposite  e ffe c ts  in  re la tio n  to  
g lu ta m a te rg ic  transm ission, the basis fo r  bo th  proposals m ay be in tr in s ic a lly  
lo g ica l as a g lu ta m a te rg ic  d e f ic it  a t end-stage o f the  disease could  be subsequent 
to  g lu ta m a te rg ic  h y p e ra c tiv ity . Thus a dm in is tra tio n  o f L -g lu tam ate  m ay a c t to  
a id the  sym ptom s o f the  disease but a m p lify  e x c ito to x ic  mechanisms w h ils t 
g lu ta m a te  antagonists m ay prevent neuronal loss b u t exacerba te  c lin ic a l signs.
In an a tte m p t to  m ore  c le a rly  define the  status o f g lu ta m a te rg ic  transm ission in 
v iv o , severa l labo ra to ries  have measured fre e  leve ls o f am ino acids in  bra in  biopsy 
m a te r ia l and sp ina l f lu id . Sm ith  and colleagues (1985) reported  a 22% reduction  
in  the  CSF leve ls  o f g lu tam ine  in a group o f A lzh e im e r pa tien ts  as compared w ith  
co n tro ls  and a lthough mean g lu tam ate  levels w ere una lte red  in the A lzhe im er 
group in  com parison to  contro ls , they co rre la ted  s ig n if ic a n tly  w ith  measures o f 
c o g n itiv e  fu n c tio n  in  a subset o f nine A lzh e im e r pa tien ts . In con tras t, g lu tam ate  
leve ls w ere  found to  be reduced and asparta te  levels increased by s im ila r 
m agnitudes in  b iopsy samples o f cerebra l co rte x  fro m  A lzh e im e r patien ts, obtained 
a pp ro x im a te ly  3 years a fte r  the emergence o f sym ptom s (P roc te r e t al. 1988). 
H ow ever, in  a separa te  study, g lu tam ate  levels in  c o r t ic a l biopsy samples fro m  
tw o  young A lz h e im e r pa tien ts  were found to  be no d if fe re n t fro m  contro ls  (Perry 
e t a l. 1987). A lthough  i t  is apparent th a t studies o f th is  kind can d e te c t 
a lte ra tio n s  in  fre e  leve ls o f g lu tam ate  in  v iv o , the  va lue o f such investigations is
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lim ite d  as changes m ay re f le c t  abnorm a lities  in  m e ta b o lic  and /o r tra n s m itte r  pools 
o f the  amino acid. The use o f labe lled  g lu tam a te  ligands w ith  PET scanning may 
p rov ide  a p o te n tia l fu tu re  a lte rn a tive  means o f exam in ing  the  status o f 
g lu ta m a te rg ic  transm ission  in  A lzh e im e r pa tien ts , a llo w in g  de te rm ina tio n  o f 
re ce p to r changes in  v iv o .
The present au to rad iog raph ic  studies in  ra t  b ra in  and human postm ortem  tissue 
have revealed a n a to m ica lly -se le c tive  a lte ra tions in  n e u ro tra n s m itte r recep to r 
sites. W hile i t  is c le a r th a t recep to r p la s tic ity  in  the  ra t  v isua l system is 
confined  to  those areas exh ib itin g  func tiona l d e fic its , d e f in it iv e  statem ents 
regard ing  the  fu n c tio n a l re levance o f a lte red  g lu ta m a te rg ic  s ites in  the  A .D . bra in 
m ust a w a it a c le a re r m echan is tic  understanding. In th is  respect, the ever 
acce le ra ting  progress in  re ce p to r p u r if ic a tio n  and clon ing  m ay a llow  fu tu re  
analysis o f recep to rs  using in s itu  hybrid isa tion  and cD N A , cR N A  or 
o ligonuc leo tide  probes. Using such techniques in  com b ina tion  w ith  recep to r 
autoradiography, i t  w i l l  be possible to  analyse n e u ro tra n sm itte r receptors w ith  
c e llu la r reso lu tion  and dete rm ine  the dynamics o f re ce p to r synthesis and 
m etabo lism  in  the  b ra in .
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APPENDIX I
RECALIBRATION OF fal-MICROSCALES FOR 
QUANTITATIVE AUTORADIOGRAPHY
A bso lu te  q u a n tific a tio n  o f [3H ]-ligand  bound/g tissue fro m  re c e p to r autoradiogram s 
is dependent on the v e ra c ity  o f tissue equ iva lent values em ployed in  the  o p tica l 
d en s ity /tissue  equ iva len t c a lib ra tio n  curve. C om m erc ia lly  ava ilab le  Am ersham  
au to rad iog raph ic  [3H ]-m icrosca les  (Batch 1 and 3) have been re c a lib ra te d  against 
S o k o lo ff ’s t r i t iu m  standards fo r  the auto-absorp tive  properties o f in ta c t  b ra in  grey 
m a tte r .
O p tic a l density  values fo r  a ll th ree  sets o f standards, a fte r  th ree  weeks exposure 
using Am ersham  H y p e rfilm , w ere obta ined using a Q uan tim e t 970 im age analysis 
system . The subsequent p lo t o f o p tica l density against tissue equ iva len t fo r 
S o k o lo ff ’s t r i t iu m  standards, using a th ird  order polynom ial fu n c tio n  to  describe the 
re la tio n sh ip  (y=loge S oko lo ff tissue equiva lent and X=OD), a llow ed the  d ire c t 
convers ion  o f o p tica l densities fo r  Am ersham  standards 1-5 (Batch 1 and 3) to 
S o k o lo ff ’s t r i t iu m  equ iva lents. Values fo r  Amersham standards 6-8 w ere obtained 
by e x tra p o la tio n  fro m  a lo g /lo g  linea r p lo t o f Amersham tissue equ iva lents against 
S o ko lo ff tissue equiva lents.
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APPENDIX I (a)
RECALIBRATION OF AMERSHAM BATCH 1 \ ^  1 -MTHRO SCAT.'EH
AMERSHAM
STANDARD
PUTATIVE
TISSUE
EQUIVALENT
(nCi/g)
SOKOLOFF TISSUE EQUIVALENT(nCi/g)
1 1 .09 1 .06
2 4.15 3.33
3 6.60 4.53
4 10.41 6.68
5 15.90 9.32
95% CONFIDENCE 
INTERVAL
6 20.73 11 .56 (10.8 - 12.4)
7 24.36 13.20 (12.2 - 14.3)
8 27.90 14.71 (13.7 - 15.7)
APPENDIX I (b)
RECALIBRATION OF AMERSHAM BATCH 3 \%  1 -MICROSCALES
AMERSHAM
STANDARD
PUTATIVE
TISSUE
EQUIVALENT
(nCi/g)
SOKOLOFF TISSUE EQUIVALENT(nCi/g)
1 1.3 1 .43
2 2.1 1 .84
3 3.1 2.64
4 5.3 3.78
5 8.8 5.55
95% CONFIDENCE
INTERVAL
6 12.7 7.77 ( 7.7 - 9.3)
7 21.6 12.66 (11.6 - 15.3)
8 30.8 17.72 (16.7 - 20.6)
APPENDIX II
EXCITATORY AMINO ACID RECEPTOR BINDING
IN HUMAN FRONTAL. TEMPORAL AND CEREBELLAR CORTEX
[3H ]-D -A spa rta te , [3H ]-ka ina te , [3H ]-A M P A  and N M D A -sens itive  [3H ]-g lu tam a te  
b ind ing  w ere  measured a t single ligand concen tra tions in  m idd le  fro n ta l gyrus, 
in fe r io r  tem p o ra l gyrus and ce rebe lla r co rte x  in  c o n tro l (n=6 in  fro n ta l and 
ce re b e lla r co rte x , n=5 in  tem pora l co rtex) brains.
In Tables 11(a) -  11(h) and II(m) -II(p) data  are presented as mean ligand bound 
(pm oles/g  tissue) ± S.E.M. *P<0.05, **P<0.01, unpaired t- te s t.
S im p le  lin e a r regression analysis o f ligand b inding w ith  senile plaque numbers and 
ch o line a ce ty ltra n s fe rase  a c tiv ity  in  both  fro n ta l and tem pora l co rtex  is presented 
in  Tables II( i)  -  11(1). *P<0.05 fo r lin e a r co rre la tio n  c o e ffic ie n t, r  > 0.811.
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LIGAND BINDING IN FRONTAL CORTEX
APPENDIX II (a)
[^ ]-D-ASPARTATE BINDING IN CONTROL AND A.D. FRONTAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II i+ 34 ± 4 **
III 81 ± 12 40 ± 3 **
IV 60 ± 10 37 ± 6 *
V/VI 76 ± 12 43 ± 5 *
White Matter 20 ± 1 21 ± 2
APPENDIX II (b) 
r 1 -KAINATE BINDING IN CONTROL AND A.D. FRONTAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II 9 ± 3 10 ± 3
III 7 ± 2
+i
IV 9 ± 3 17 1 5 * *
V/VI 13 ± 3 22 ± 5 **
White Matter 2 ± 1 2 ± 1
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APPENDIX I I  ( c )
[^ l-A M PA  BINDING IN CONTROL AND A .D .  FRONTAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II 39 ± 6 34 ± 5
III 30 ± 3 31 ± 4
IV 22 ± 3 29 ± 3
V/VI 29 ± 3 35 ± 4
White Matter 6 ± 1 7 ± 1
APPENDIX II (d)
NMDA-SENSITIVE -GLUTAMATE BINDING
IN CONTROL AND A.D. FRONTAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II 15 ± 2 11 ± 1 *
III 15 ± 2 13 ± 1
IV 6 ± 1 5 ± 1
V/VI 12 ± 1 10 ± 2
White Matter to i+ o
o+iCN
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LIGAND BINDING IN TEMPORAL CORTEX
APPENDIX II (e)
r^l-D-ASPARTATE BINDING IN CONTROL 
AND A.D. TEMPORAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II
III
IV 
V/VI
White Matter
121 ± 12 
186 ± 24 
104 ± 13 
183 ± 21 
44 ± 6
140 ± 20 
187 ± 22 
116 ± 15 
160 ± 36 
48 ± 5
APPENDIX II (f) 
r3!!!-KAINATE BINDING IN CONTROL AND A.D. TEMPORAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II 27 ± 2 27 ± 3
III 25 ± 2 24 ± 2
IV 34 ± 2 34 ± 2
V/VI 37 ± 2 36 ± 3
White Matter 5 ± 1 6 ± 1
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APPENDIX I I  (q )
[^ l-A M P A  BINDING IN CONTROL AND A. D.  TEMPORAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II 46 ± 8 32 ± 5
III 37 ± 8 27 ± 4
IV 33 ± 8 23 ± 4
V/VI 40 ± 7 34 ± 4
White Matter 6 ± 1 6 ± 2
APPENDIX II (h)
NMDA-SENSITIVE \ 1-GLUTAMATE BINDING 
IN CONTROL AND A.D. TEMPORAL CORTEX
CORTICAL LAYER CONTROL A.D.
I/II 26 ± 1 25 ± 4
III 26 ± 1 25 ± 3
IV 20 ± 1 19 ± 3
V/VI 21 ± 1 20 ± 3
White Matter 2 ± 1 2 ± 1
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CORRELATIVE ANALYSIS IN FRONTAL CORTEX
APPENDIX II ft)
CORRELATIVE ANALYSIS OF LIGAND BINDING 
AND SENILE PLAQUE NUMBERS IN ALZHEIMER FRONTAL CORTEX
LINEAR CORRELATION COEFFICIENT
CORTICAL LAYER(S)
LIGAND I/II III IV V/VI
[3H]-D-Aspartate 0.001 0.281 0.122 0.197
[3H]-Kainate 0.089 0.148 0.901* 0.914*
[3H]-AMPA 0.001 0.363 0.167 0.291
[ 3H ]-Glutamate 0.104 0.654 0.187 0.582
APPENDIX II (i)
CORRELATIVE ANALYSIS OF LIGAND BINDING 
AND CHOLINEACETYLTRANSFERASE ACTIVITY 
IN ALZHEIMER FRONTAL CORTEX
LINEAR CORRELATION COEFFICIENT
CORTICAL LAYER(S)
LIGAND I/II III IV V/VI
[3H]-D-Aspartate 0.001 0.662 0.524 0.398
[3H]-Kainate 0.585 0.200 0.458 0.151
[3H ]-AMPA 0.746 0.031 0.031 0.325
[3H ]-Glutamate 0.181 0.457 0.342 0.328
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CORRELATIVE ANALYSIS IN TEMPORAL CORTEX
APPENDIX II HO
CORRELATIVE ANALYSIS OF LIGAND BINDING 
AND SENILE PLAQUE NUMBERS IN ALZHEIMER TEMPORAL CORTEX
LINEAR CORRELATION COEFFICIENT
CORTICAL LAYER(S)
LIGAND I/ll III IV V/VI
[3H ]-D-Aspartate 0.044 0.238 0.246 0.031
[^H]-Kainate 0.611 0.409 0.219 0.225
[3H]-AMPA 0.063 0.248 0.414 0.487
[3H]-Glutamate 0.569 0.300 0.230 0.031
APPENDIX II (1)
CORRELATIVE ANALYSIS OF LIGAND BINDING 
AND CHOLINEACETYLTRANSFERASE ACTIVITY 
IN ALZHEIMER TEMPORAL CORTEX
LINEAR CORRELATION COEFFICIENT
CORTICAL LAYER(S)
LIGAND I/II III IV V/VI
[3H ]-D-Aspartate 0.694 0.001 0.031 0.644
[3H]-Kainate 0.293 0.250 0.176 0.447
[3H]-AMPA 0.264 0.700 0.454 0.054
[3H ]-Glutamate 0.077 0.044 0.122 0.141
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LIGAND BINDING IN CEREBELLAR CORTEX
APPENDIX II (m)
[ ^  ]-D-ASPARTATE BINDING IN CONTROL AND A.D. CEREBET.T.AR CORTEX
LAYER CONTROL A.D.
Molecular Layer 89 ± 3 93 + 5
Granule cell/Purkinje 
cell layer
112 ± 4 114 + 5
White Matter 18 ± 5 25 ± 4
APPENDIX II (n) 
r 1 -KAINATE BINDING IN CONTROL AND A.D. CEREBELLAR CORTEX
LAYER CONTROL A.D.
Molecular Layer 31 ± 3 32 + 1
Granule cell/Purkinje 
cell layer
40 ± 3 39 ± 1
White Matter 10 ± 4 7 + 1
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APPENDIX I I  (o )
[ h i] -AMPA BINDING IN CONTROL AND A.D.  CEREBELLAR CORTEX
LAYER CONTROL A.D.
Molecular Layer 95 ± 10 28 ± 3 **
Granule cell/Purkinje 23 ± 2 21 ± 2
cell layer
White Matter 14 ± 2 12 ± 2
APPENDIX II (p)
NMDA-SENSITIVE T ^  1-GLUTAMATE BINDING 
IN CONTROL AND A.D. CEREBELLAR CORTEX
LAYER CONTROL A.D.
Molecular Layer 19 ± 2 16 ± 3
Granule cell/Purkinje 26 ± 2 25 ± 3
cell layer
White Matter 1+ to 5 ± 1
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APPENDIX III
E X C IT A T O R Y  A M IN O  A C ID  A N D  ADEN O SIN E A , RECEPTOR B IN D IN G  
FO LLO W IN G  U N ILA T E R A L  O R B IT A L  E N U C LE AT IO N .
[3H ]-K a in a te , [3H ]-A M P A  (a -am ino -3 -hydroxy-5 -m ethy l-4 -isoxazo lep rop rion ic  acid), 
N M D A -se n s itive  [3H ]-g lu tam a te  and [3H ]-M K-801 w ere  measured a t fo u r t im e  po in ts 
up to  20 days post-enucleation. [3H ]-C H A  (cyclohexyl-adenosine) b inding  was 
m easured a t th re e  t im e  points up to  20 days post-enuclea tion .
In th e  fo llo w in g  f iv e  tables, data are presented as mean ligand bound (pm oles/g 
tissue) ± S .E.M . *P<0.01. Roman num erals in d ica te  c o r t ic a l laye r exam ined.
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APPENDIX IV
GLUCOSE UTILISATION. 5HTV 5HT2. B-ADRENERGIC. GABAa 
AND MUSCARINIC RECEPTOR BINDING 
FOLLOWING UNILATERAL ORBITAL ENUCLEATION.
The e f fe c t  o f u n ila te ra l o rb ita l enucleation  on [3H ]-5 -h yd roxy tryp ta m in e  (5HT), [3H ]- 
ke tanserin , [3H ]-d ihydro-a lp reno lo l (DHA), [3H ]-q u in u c lid in y l-b e n z ila te  (QNB) and 
[3H ]-m usc im o l binding has been exam ined a t fo u r tim e  points up to  20 days a fte r  
th e  lesion. Glucose u tilis a tio n  was measured in the same anim als using 
q u a n tita tiv e  [14C]-2-deoxyglucose autoradiography.
In Tab le  IV(a) data are presented as mean glucose use (jim o l.lO O g^m in -1) ± S.E.M.; 
in  th e  subsequent f iv e  tables data are presented as mean ligand bound (pm oles/g 
tissue) ± S.E.M. *P<0.01 pa ired t - te s t;  t  ip s ila te ra l variance (ANO VA). Roman 
num erals in d ica te  c o rtic a l laye r exam ined.
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